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Preface 


Tilapia is the common name of a group of fishes from the Cichlid family. The term 
derives from the word thlapi, the Tswana (a Bantu language) word for fish. Tilapia 
comprises around a hundred of species, divided into four main genera: Tilapia, 
Oreochromis, Coptodon and Sarotherodon. The tilapias are endemic to Africa and 
to the Jordan River valley. 

Tilapia is probably the first farmed fish in human history. A bas-relief found 
in the Egyptian tomb of Nakht, from 2,000 BC (thus 4,000 years ago), depicts two 
small fish that can be identified as tilapia. Indeed, the ancient Egyptians created a 
hieroglyph for tilapia, which reveals the importance that this species had for them. 
Tilapia is also very important for Christian mythology. For instance, it is believed 
that this species was the fish caught by Peter, the apostle, and the fish used by Jesus 
in the story that tells how he fed 5,000 people with five loaves and two fish. 

Modern tilapia culture begins around 100 years ago, in the 1920s of the past 
century. Since then, tilapia has shown a great potential for aquaculture thanks to a 
variety of advantages like fast growth, very low feed conversion ratios, tolerance of 
high stocking densities, adaptability to different culture systems, tolerance to different 
habitats, high rate of reproduction and an omnivorous diet that allows the use of 
feeds based on vegetables or cereals. All of these advantages have boosted tilapia 
aquaculture, growing exponentially in the last three decades. Nowadays, according 
to the last report on “The state of world fisheries and aquaculture", published by FAO 
in 2020, one tilapia species, the Nile tilapia (Oreochromis niloticus), is the third most 
cultured fish worldwide, with a production of 4.5 million tonnes in 2018. Taking all 
tilapia species together, their global production in 2018 was 5.55 million tonnes, 
close to the first spot in the list of major species produced in aquaculture held by the 
grass carp (5.7 million tonnes). 

The objective of the present book is to provide a comprehensive revision of the 
biology oftilapia and link this knowledge to its application to tilapia aquaculture. The 
book content is mainly focused on the Nile tilapia, due to its prominent prevalence 
in the aquaculture of tilapiine fish. Nevertheless, it also includes information from 
other species that are used in both aquaculture and research such as the Mozambique 
tilapia (Oreochromis mossambicus), the blue tilapia (Oreochromis aureus), and other 
tilapia species and hybrids. 

The book has 15 chapters that cover a wide variety of aspects of the biology of 
tilapia and its culture. Chapters 1 and 2 are devoted to tilapia genetics and the design 
of selective breeding programs. Chapters 3, 4 and 5 are focused on the digestive 
physiology and nutrition of tilapia, including recommendations for feeding practices 
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and feed management. Chapter 6 reviews the osmoregulatory mechanisms in tilapia, 
providing also a comparative analysis between the Nile and Mozambique tilapia. 
Chapter 7 is devoted to the most common pathologies that affect tilapia, and the use of 
vaccines and immunostimulants. Chapters 8 and 9 are focused on the reproduction of 
tilapia, covering the gonadal development, the reproductive cycles in mature fish and 
their physiological control. Chapters 10 and 11 review tilapia embryonic and larval 
development (chapter 10), and larviculture (chapter 11), thus providing a complete 
view of this process and its management under culture conditions. Chapter 12 is 
devoted to biological rhythms in tilapia, which are present in many of the biological 
processes described in the previous chapters. Finally, the last three chapters are 
focused on new technologies of tilapia aquaculture and production. Chapters 13 and 
14 provide a description of two new culture technologies that are rapidly growing 
in importance: aquaponics (chapter 13) and bioflocs (chapter 14). They also include 
examples of their application to tilapia aquaculture. Chapter 15 reviews the methods 
of sacrifice and new procedures of tilapia processing. 

The present book counts on the collaboration of experts from both academia and 
research institutes, who provide their expertise to make a complete and up to date 
revision of the biology and aquaculture of tilapia. We hope that it will become a great 
handbook for tilapia farmers, researchers, students or curious readers that want to 
delve into the knowledge of this amazing species. 


José Fernando López-Olmeda 
Francisco Javier Sánchez-Vázquez 
Rodrigo Fortes-Silva 
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Tilapia Genetic Resources: 
Conservation and Use for Aquaculture 


Alexandre Wagner Silva Hilsdorf!* and Eric M. Hallerman?* 

! [ntegrated Center of Biotechnology, University of Mogi das Cruzes, Mogi das Cruzes, P.O. 
Box 411, 08701-970, SP, Brazil 

? Department of Fish and Wildlife Conservation, Virginia Polytechnic Institute and State 
University, Blacksburg, VA, 23061-0321, USA 


1. Introduction 


Tilapia is the generic term for a group of cichlid fishes, drawn from the Latinization 
of thlapi, the Tswana (a Bantu language) word for “fish.” The taxonomy of tilapias 
has been an issue of much debate. Initially, the genus Tilapia covered all the 
different species. Taxonomists subsequently divided this group into four genera 
based mainly on breeding and brooding behaviors, as well as morphological 
and feeding characters. According to Trewavas' (1983) classification system, 
these four genera are Tilapia: substrate spawners; Sarotherodon: paternal or 
biparental mouthbrooders; Oreochromis: maternal mouthbrooders and Danakilia: 
mouthbrooders. The three most important tilapia genera for aquaculture are Coptodon 
(Tilapia), Sarotherodon, and Oreochromis, which include 112 recognized species 
and subspecies of cichlid fishes, 41 of them listed as being under some level of threat 
(Hallerman and Hilsdorf 2014). The tilapias are endemic to the African continent 
(excluding Madagascar), and to the Jordan River valley and coastal rivers. The genus 
Tilapia occurs throughout West and Central Africa (e.g. T. rendalli, T. zillii). The genus 
Sarotherodon is distributed in West Africa, eastwards towards the Nile River and the 
more northerly Great Rift lakes (e.g. S. galilaeus). The genus Oreochromis occurs 
mostly in Central and Eastern Africa (e.g. O. mossambicus, O. aureus, O. niloticus, 
O. machrochir, and O. shiranus) (Philippart and Ruwet 1982). 

Tilapiine fishes have a long history as cultivated organisms; a bas-relief 
from an Egyptian tomb, dating 2000 B.C. (Figure 1), shows a pair of small fish 
that can be identified as tilapia, probably Oreochromis niloticus, a species still 
abundant in the Nile River valley (Hickling 1963). The modern history of tilapia 
cultivation seems to have begun around 1924, when the first experimental attempts 


* Corresponding authors: wagner@umc.br and ehallerm@vt.edu 


2 Biology and Aquaculture of Tilapia 


to cultivate them were made (Balarin and Hatton 1979). At present, tilapias are 
among the most cultivated aquaculture species, farmed in over 120 countries 
worldwide (Barroso et al. 2019). The FAO (2019c) global aquaculture production 
database lists 12 tilapia species (Figure 2) as important to aquaculture production: 
(1) Oreochromis aureus (Steindachner 1864) —blue tilapia; (11) Oreochromis andersonii 


Fig. 1. (A) The circled hieroglyph in the tomb of the ancient Egyptian official Nakht depicts 
a tilapia-like fish above the head of the central figure (Source: Wikipedia). (B) A painting 
in the tomb of the scribe Nebamun depicts a pond with tilapias, circa 1400 BC (British 
Museum collection). 


Ea DID E QR 


Peter: FishBase hero pd Daniel Okeyo) Il e rer FishBase by Magdy: Saleh) PA ee Inaturalistorg roe Robert Taylor) uc by Bahasa a rend 
Oreochromis niloticus Oreochromis shiranus Oreochromis spilurus 
(Photo by Alexandre Hilsdorf) (Source: inaturalista org by Rob Palmer) (Source FishBase by Luc de Vos) 
tanganicoe Oreochromis urolepis Sarotherodon galileus 
(Source: Wikipidéa) (Source: FishBase by Leonard Lovshin) (Source: FishBase by David Darom) 
Bises PRN Med) (Source: eem Dac] (Source: "EN on P Hoover) 


Fig. 2. The most important tilapia species farmed worldwide (FAO 2019c). 
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(Castelnau 1861) — three-spotted tilapia; (111) Oreochromis niloticus (Linnaeus 1757) 
— Nile tilapia; (iv) Oreochromis macrochir (Boulenger 1912) — longfin tilapia; 
(v) Oreochromis mossambicus (Peters 1852) - Mozambique tilapia; (vi) Oreochromis 
shiranus (Boulenger 1897) — shiranus tilapia; (vii) Oreochromis spirulus (Günther 
1894) — sabaki tilapia; (viii) Oreochromis tanganicae (Günther 1894) — Tanganyika 
tilapia; (ix) Sarotherodon galilaeus (Linnaeus 1758) — mango tilapia; (x) Sarotherodon 
melanotheron (Rüppell 1852) — blackchin tilapia; (xi) Coptodon rendalli (Boulenger 
1897) (= Tilapia rendalli) redbelly tilapia; and (xii) Coptodon zillii (Gervais 
1848) (= Tilapia zillii) — redbreast tilapia.Oreochromis urolepis (Norman 1922) 
(= Oreochromis urolepis hornorum) — wami, despite not being listed in the FAO 
global aquaculture production database (FAO 2019c),is also an important species 
due to its use in inter-specific hybridization to improve aquaculture productivity 
(Wohlfarth 1994, Lovshin et al. 1990). Although O. niloticus is by far most famous 
for aquaculture in many countries, other tilapia species represent the mainstay of 
tilapia farming in many local communities in Africa, at all levels of production from 
subsistence production to highly intensive farming. 


2. Tilapia genetic resources for aquaculture 


Tilapias have become an essential source of valuable animal protein over recent 
decades, with culture methods progressing from extensive production and practically 
no industrial production to global production and distribution as a white-fish 
commodity. Among all farmed tilapia species, Nile tilapia stands out as the main 
species produced worldwide. That is because of its higher growth rate, resistance 
to diseases, acceptance of a wide range of natural foods and artificial feeds, lack 
of intermuscular bones, ability to withstand low oxygen tension, and above all its 
highly acceptable fillet (Fitzsimmons 2000, Young and Muir 2002, Prabu et al. 
2019). Despite controversies regarding global introductions of non-native tilapias 
into aquatic ecosystems (Vicente and Fonseca-Alves 2013, Costa-Pierce 2003, 
Zengeya et al. 2013), Nile tilapia is farmed on practically all continents and plays 
a central role in aquaculture production in many countries. It stands third in finfish 
production worldwide behind grass carp (Ctenopharyngodo nidellus) and silvercarp 
(Hypophthalmichthys molitrix) (FAO 20192). The significance of Nile tilapia for 
food security and economic development is growing in many developing countries 
(Ansah et al. 2014). This is demonstrated by the steady growth of Nile tilapia 
production from 1950 to the present (Figure 3). 

The large and growing importance of tilapias to aquaculture draws attention to 
the genetic variation that underlies its adaptation to culture conditions and response 
to selective breeding for valued traits. This genetic variation has come to be termed 
fish genetic resources, or FiGR. The importance of FiGR to global food security was 
acknowledged during the 1980s in two symposia organized to discuss finfish genetic 
resources conservation, the Fish Gene Pools Symposium held in Stockholm (Ryman 
1981) and the FAO/UNEP Symposium on Conservation of the Genetic Resources of 
Fish held in Rome (FAO/UNEP 1981). An Expert Consultation on Utilization and 
Conservation of Aquatic Genetic Resources was held in Grottaferrata, Italy in 1992 
(FAO/FIRI 1993). Another important meeting held in Italy in 1998 addressed the 
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Fig. 3. Growth of Nile tilapia aquaculture production between 1950 and 2016 (FAO 2019c). 


international, regional, and national policies for the conservation and sustainable use 
of aquatic genetic resources (Pullin et al. 1999). FAO has organized an international 
working group on aquatic genetic resources and technology that meets to advance 
FAO and member countries’ activities regarding aquatic genetic resources; its third 
meeting was held in Rome in 2019. Global awareness about the importance of 
FiGR to aquaculture and fisheries has been attested to by many other contributions 
addressing concerns and challenges facing the conservation of diverse FiGR and its 
sustainable use for food production (Penman et al.2005, Olesen et al. 2007, Solar 
2009, Lind et al. 2012a, Hilsdorf and Halleman 2017, Pilling et al., 2020). Against 
this background, aquatic genetic resources (AqGR) for food and agriculture include 
“DNA, genes, chromosomes, tissues, gametes, embryos, and other early life-history 
stages, individuals, strains, stocks, and communities of organisms of actual or 
potential value for food and agriculture.” This definition was stated in the seminal 
publication by FAO (2019d), “The State of the World’s Aquatic Genetic Resources 
for Food and Agriculture”, the first document to compile the efforts of 92 countries 
to gather information of the current status of AqGR as an essential step towards 
developing and implementing policies for their present and future conservation, 
sustainable use and development. 

Awareness of the importance of tilapia genetic resources to food production and 
to understanding of the natural distributions of economically important tilapias date 
back to the 1980s with the works of Philippart and Rewet (1982) and Trewavas (1983). 
In 1987, a historic meeting took place in Bangkok, Thailand, where for the first time 
the importance of tilapia genetic resources was acknowledged in the Workshop on 
Tilapia Genetic Resources for Aquaculture organized by the International Center for 
Living Aquatic Resources Management (ICLARM) (Pullin 1988). This workshop 
brought together prominent scientists, including Drs. Rosemary Lowe-McConnell, 
a distinguished English ichthyologist, ecologist, and limnologist known for research 
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on tilapia and aquaculture; Roger S.V. Pullin, lead scientist at ICLARM who played 
an essential role in the conservation of genetic resources for aquaculture, and 
Ethelwynn Trewavas, ichthyologist at the British Museum of Natural History, known 
for her seminal work on tilapia taxonomy, who although absent had sent material 
for discussion. This meeting foresaw the importance of tilapia genetic resources” 
conservation to the future contribution of tilapia to global food security. Another 
workshop convened by ICLARM and Ghanaian and German institutions in 1997 
drew attention to Ghanaian and sub-Saharan fish genetic resources and raised and 
discussed common interests in biodiversity and genetic resources conservation and 
sustainable use in tilapia and other species (Pullin et al. 1997). Since then, other 
publications have discussed the conservation and sustainable use of aquatic genetic 
resources with particular attention to tilapia species, such as those presented as 
proceedings of the meeting ‘Genetics and Aquaculture in Africa’ convened at the 
Centre de Recherches Océanologiquesd’ Abidjan (Agnése 1998). Seeking a basis for 
international policy, the 2006 Workshop on Status and Trends in Aquatic Genetic 
Resources (Bartley et al. 2007) concluded that information on FiGR should be 
global, authoritative, free and objective. Among work needed is assessment of the 
status of FiGR in capture fisheries and aquaculture; improved technical capacities for 
scientists, technical persons, governments and industry; genetically improved farmed 
types of aquatic species; appropriate policy instruments on use and conservation of 
FiGR; and prioritization of species, geographic areas and production systems for 
expenditure of limited resources for conservation and use of FiGR. The article “Use 
and Exchange of Genetic Resources of Nile Tilapia (Oreochromis niloticus)” by 
Eknath and Hulata (2009) was published in a special issue of Reviews in Aquaculture 
on use and exchange of genetic resources of cultured aquatic organisms. More 
recently, at the Tenth International Symposium on Tilapia in Aquaculture, Hallerman 
and Hilsdorf (2014) reviewed knowledge regarding conservation of different tilapia 
species, addressing the molecular genetics and adaptive differentiation of populations 
in the light of the evolutionary significant unit (ESU) and management unit (MU) 
concepts drawn from conservation genetics. 

Tilapias have been introduced outside Africa since the 1930s when the accidental 
introduction of O. moss ambicus was noticed in the Serang River in Java and then 
in other countries (Atz 1954, Riedel 1965). Subsequently, many tilapia species have 
been introduced into nearly all tropical and subtropical countries ofthe world. In Asia, 
introductions of O. niloticus have been reported in many different countries since 
1974 (see Philippart and Ruwet 1982). Following these introductions, locally farmed 
strains of Nile tilapia were established throughout Asia; these strains show different 
levels of genetic differentiation as a result of selection, adaptation to local farming 
conditions, and genetic drift. The Chitralada strain, shipped from Japan in 1965 and 
kept isolated at the Chitralada Palace in Thailand was one of the first well-known 
Nile tilapia strains used in aquaculture (Chotiyarnwong 1971). During the 1990s, the 
GIFT Project combined the genetic variation in eight local farmed stocks into the base 
population subsequently subjected to selection to yield an increase in growth rate of 
64% over nine generations (Eknath et al. 1993, Ponzoni et al. 2011). The subsequent 
distribution of the GIFT strain for commercial farming in Asia revolutionized tilapia 
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aquaculture in Asia and contributed to increased global tilapia production (Eknath 
et al. 1993, 1998, 2007, Dey 2000, Ponzoni et al. 2011). Production of this strain 
resulted in substantial positive socio-economic impact (ADB 2005, see Figure 3). 
The experience brought by the GIFT project led to other tilapia selective breeding 
programs with outstanding results, such as the program developed in Abbassa, 
Egypt named the Genetically Improved Abbassa Nile Tilapia (GIANT) (Ibrahim 
et al. 2019). Many other genetically improved tilapia strains have been developed 
for aquaculture production, including the Genetically Enhanced Tilapia-Excellent 
(GET-EXCEL), Brackishwater Enhanced Saline Tilapia (BEST), Genetically Male 
Tilapia (GMT), Chitralada, Y Y-male, Cold-tolerant tilapia (COLD), and Florida red 
strains (Ordofiez et al. 2017). 

Due to the risk of contamination of locally adapted native genetic stocks, the 
WorldFish Center and other development partners responsible for the GIFT strain 
adopted a policy that did not allow the dissemination of GIFT to African countries 
where the original parental stocks were collected (Gupta and Acosta 2004). The strain 
was placed under evaluation at a government research station and its production was 
subsequently detected at other farms, and its presence was detected in the wild in 
Ghana (Anane-Taabeah et al. 2019). Tilapias have been found as feral populations 
on nearly all continents of the world, including Australia, the southern USA, and the 
Neotropical region of Central and South America. In South America, particularly in 
Brazil, tilapia introductions date back to the 1930s when individuals of Coptodon 
rendalli (=Tilapia rendalli) were brought from the Democratic Republic of the 
Congo to be introduced into reservoirs of the Brazilian Traction Light and Power 
Company for weed control in the state of Sáo Paulo (Azevedo 1955). In 1971, the 
Brazilian government shipped juveniles of O. niloticus and O. urolepishornorum from 
Bouaké Station in the Ivory Coast to the aquaculture research station at Pentecostes, 
Ceará (DNOCS — National Department of Drought Alleviation) to be stocked into 
northeastern reservoirs for food production (Pullin 1988, Saint-Paul 2017). More 
recently, genetically improved lines of the Chitralada and GIFT strains were 
introduced into the Brazilian aquaculture industry in 1996 and 2005, respectively 
(Barroso et al. 2015). 


3. Research on genetic variation of tilapiine species 


Within their natural distributions, tilapia populations show genetic differentiation 
that reflects their natural history of dispersal and adaptation to regional and local 
conditions. For example, study of the population genetics of O. niloticus range- 
wide (Agnese et al. 1997) showed that natural populations clustered into three 
groups: west African populations (in the Senegal, Niger, Volta, and Chad drainages), 
Ethiopian Rift populations (Lakes Ziway, Awasa, Koka, and Sodore hot springs in 
the Awash River), and Nile drainage (Nile, Lakes Tana and Edward) and Kenyan Rift 
populations (lakes Turkana and Baringo and River Suguta). The authors hypothesized 
that O. niloticus originated in the Nile and then independently colonized East and 
West Africa. Bezault et al. (2011) screened nine microsatellite DNA loci across 350 
samples from ten natural populations representing four subspecies (O. n. niloticus, 
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O. n. vulcani, O. n. cancellatus and O. n. filoa), finding high genetic differentiation 
among populations across the Ethiopian, Nilotic and Sudano-Sahelian regions and 
ichthyofaunal provinces, suggesting the predominant effect of paleo-geographic 
events at the macrogeographic scale in defining putative evolutionary significant 
units. Intermediate levels of divergence were found between populations in rivers and 
lakes within the regions, presumably reflecting relatively recent interruptions of gene 
flow between hydrographic basins, suggesting different management units. Using 
allozyme markers to investigate population genetic structure within West Africa, 
Rognon et al. (1996) observed modest levels of genetic differentiation among seven 
wild populations. Hallerman and Hilsdorf (2014) reviewed the state of knowledge on 
genetic resources of all tilapias. 

Culture of tilapias often occurs within ecosystems containing native, locally 
adapted populations. Many, if not most, tilapia production systems do not effectively 
confine their stock within the farm. For example, Anane-Taabeah et al. (2019) found 
that the non-native cultured tilapias have escaped into the wild and interbred with 
local populations. Their results show that aquaculture can be a vector in the spread 
of invasive non-native species and strains as well as underscore the importance 
of genetic baseline studies to guide conservation planning for wild populations. 
Continuing impacts on native tilapia populations may jeopardize the long-term 
conservation of genetic resources of critical tilapia species, particularly those of 
importance for aquaculture, as shown by publications cited above. The long-term 
capacity of a given species to persist and adapt to changing environments relies 
on the extant genetic diversity harbored by the species and how this diversity is 
distributed among the populations (Lande and Shannon 1996, Meffe and Carroll 
1997). In particular, locations that contain 1solated populations with distinct and 
high levels of genetic diversity can be a source of local adaptive genetic variation 
that can act as *gene banks." The genetic diversity is fundamental even for species 
with a long history of domestication. Diverse breeds have been established by 
humans, according to the Domestic Animal Diversity Information System (DAD-IS) 
currently representing 8,800 breeds of livestock and poultry across the world (FAO 
2019b). However, farmed genetic resources have been lost as a result of local breed 
extinctions and genetic erosion. An estimated 25% of the local farm animal breeds 
have been reported extinct since 1900, and 27% are at risk of imminent extinction 
(FAO 2019b). However, farmed fishes are not typically maintained as breeds with 
closed populations and breeding records, as is commonly practiced for livestock. 
The use of strains in aquaculture species is typical, although no consensus exists. 
Gunnes and Gjedrem (1978) defined a strain as “a discrete breeding population from 
a river, river system, or a fjord leading to a river." Ponzoni et al. (2013) extended 
the definition to include “any discrete breeding population from a hatchery may 
also be termed a strain for evaluation purposes." Therefore, strain selection for a 
selective breeding program relies on local community knowledge, environmental 
characteristics of the region where the strain is found, production performance, and 
levels of intra and inter-strain genetic diversity. 

Since the 1960s, development of DNA markers and statistical metrics to quantify 
population genetic differentiation have been added to such classical methods as 
morphology- and meristics-based assessments and variation in allozymes (Hallerman 
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and Hilsdorf 2014). A general search in Web of Science and Google Scholar resulted 
in 74 published studies regarding tilapia genetic resources evaluation, e.g. genetic 
variability, species geographic delimitation, hybrid occurrence, and population 
genetic diversity of tilapias (Table 1). What we can observe across these studies is 
an evolution of characterization markers from morphological, meristic and proteins 
up to DNA-based markers as mitochondrial DNA RFLP (restriction fragment length 
polymorphism), RAPD (random amplification of polymorphic DNA), microsatellites 
and SNPs (single nucleotide polymorphisms). Most population genetic surveys of 
tilapias to date have used classical mitochondrial sequence and nuclear microsatellite 
markers. Future work might also use SNP markers to cover the entire genome. The 
genomic approach potentially would allow demonstration of genetic variation of 
importance to aquaculture performance or ecological adaptation. While several 
studies (Van Bers et al. 2012, Xia et al. 2014, Delomas et al. 2019, Pefialoza et al. 
2020, Bartie et al. 2020) have established SNP markers for O. niloticus, considerable 
work is still needed for characterization of genetic resources of tilapias. 

Human-induced hybridization due to transfers of tilapia species beyond their 
natural distributions was already detected during the 1960s using morphometric 
assessments (Table 1). The compiled DNA-based studies shown in Table 1 addressed 
diverse levels of genetic variation among wild relatives, feral, and farmed type 
populations or stocks (Ciftci and Okumus 2002). Regarding wild populations, the 
different genetic markers and methodology of analysis used over the years showed 
levels of genetic differentiation among the population in various tilapia species 
across the African continent. In the case of O. niloticus, the parameters of population 
structure (Fst, Desr Csr, among others) show moderate to high genetic differentiation 
(0.05 to 0.15 and 0.15 to 0.25, respectively) (Wright 1978). These outcomes suggest 
the putative presence of genetically distinctive populations across the natural 
occurrence of Nile tilapia, in which integrity must be kept for the continuous use of 
this species for food production. The loss of a particular genetic strain or population 
implies depletion of adaptive and sometimes unique genetic resources, perhaps 
useful for future genetic improvement and farming of Nile tilapia. 

Molecular tools for genetic resources evaluation have been reviewed elsewhere 
(Toro et al. 1999, Talle et al. 2005, FAO 2011, Lenstra et al. 2012, Yang et al. 2013, 
Socol et al. 2015, Hilsdorf and Hallerman 2017). Advances have been achieved, and 
new and more precise tools are available for genetic assessment of tilapia genetic 
resources, such as SNPs. A growing body of research has sought to characterize 
variation within the tilapia genome that underlies key performance traits, such as 
growth rate, salinity tolerance, and sex ratio, i.e. to detect Mendelian segregation of 
quantitative trait loci (QTLs). Beyond the advance in scientific knowledge, the intent 
of these studies is to provide the basis for genetic marker-assisted selection (MAS). 
Experimental designs for QTL detection and MAS in tilapia have been discussed by 
Poompuang and Hallerman (1997), Liu and Cordes (2004), and Cnaani and Hulata 
(2008). Genetic linkage studies have detected QTLs relating to fish size (Cnaani et 
al. 2003), cold tolerance (Cnaani et al. 2003, Moen et al. 2004), sex determination 
(Shirak et al. 2006, Khan 2011), hypoxia tolerance (Li et al. 2017), salinity tolerance 
(Gu et al. 2018a, b, Jiang et al. 2019), and omega-3 fatty acid content (Lin et al. 2018) 
in Nile tilapia and its hybrids.The incorporation of marker-QTL linkages into MAS 


Table 1. Development and evolution of the population/species molecular markers for tilapia genetic resources characterization 


Species 


Tilapia nigra 
Tilapia leucosticta 
Tilapia nigra 
Tilapia mossambica 


Tilapia spp. 


Tilapia mossambica 
Tilapia hornorum 
Tilapia zillii 

Tilapia melanopleura 
Tilapia nilotica 
Tilapia zilli 

Tilapia galilaea 
Tilapia aurea 

Tilapia aurea 

Tilapia mossambica 
Tilapia niloticus 
Tilapia vulcani 
Tilapia zilli 
Sarotherodon aureus 
Sarotherodon galilaeus 


Tilapia zillii 


Locality 
Kenya 
Kenya 


Lake Victoria 


Malaysia/ 
Canada 


Egypt 


Israel 


Israel 


England 


Primary and secondary 


farmed types 
No strain defined 


No strain defined 


No strain defined 


No strain defined 


No strain defined 


No strain defined 


No strain defined 


No strain defined 


Marker 


Morphometric/ 
Merisitcs 


Morphometric/ 
Merisitcs 


Species 
assessment 


Allozyme/ 
isozyme 


Proteins 
(blood serum) 


Allozyme/ 
isozyme 


Allozyme 
/isozyme 


Allozyme/ 
isozyme 


Population 
origin 
Wild relatives 


Wild relatives 


Wild relatives 


Farmed 


Wild relatives/ 
Feral 


Farmed 


Feral and wild 


Feral 


Goals/Outcomes 


Hybridization 
occurrence 
Hybridization 
occurrence 
Introduction and 
hybridization 
occurrence 


Marker development/ 
species 
differentiation 


Species 
differentiation 


Species 
differentiation 


Species 
differentiation 


Stock identification 


References 


Elder and Garrod 
(1961) 


Whitehead (1962) 


Welcomme (1966) 


Chen and Tsuyuk 
(1970) 


Badawi (1971) 


Herzberg (1978) 


Komfield (1979) 


Cruz et al. (1982) 
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Species Locality Primary and secondary Marker Population Goals/Outcomes References 
farmed types origin 
Sarotherodon aureus Israel No strain defined Allozyme/ Wild relatives Species and hybrids — Avtalion (1982) 
Sarotherodon niloticus isozyme differentiation 
Sarotherodon Botswana No strain defined Allozyme/ Wild relatives Marker development McAndrew and 
andersoni Egypt, Kenya isozyme Majumdar (1983) 
Sarotherodon aureus Botswana Mean heterozygosity 
Sarotherodon galilaeus Mozambique (across species) = 
Sarotherodon jipe 0.058 
Sarotherodon 
macrochir 
Sarotherodon 
mossambicus 
Sarotherodon niloticus 
Sarotherodon spilurus 
Tilapia zillii 
Oreochromis niloticus Japan No strain defined Allozyme/ Farmed Genetic variation Basiao and 
Tilapia zilli isozyme O. niloticus Taniguchi (1984) 
He = 0.082 
Na = 1.34 
T. zilli 
He = 0.022 
Na = 1.057 
Oreochromis niloticus Sri Lanka No strain defined Allozyme/ Feral Hybridization De Silva and 
Oreochromis isozyme occurrence Ranasinghe (1989) 


mossambicus 


01 


nidpp fo aanjjnoonby pup Asojoig 


Oreochromis niloticus 
Oreochromis spilurus 


Oreochromis niloticus 
Oreochromis 
mossambicus 
Oreochromis aureus 


Oreochromis niloticus 


Oreochromis niloticus 


Oreochromis niloticus 
Tilapia zillii 


Oreochromis niloticus 
Oreochromis 
esculentus 
Oreochromis 
leucostictus 

Tilapia zillii 


Sarotherodon galilaeus 


Egypt 
Kenya 
Ethiopia 
Egypt 
Kenya 


Philippines 


Philippines 


Egypt 

Kenya 

Niger 

Ivory Coast 
Mali 

Lake Victoria 
and satellite 
lakes 


No strain defined 


Vulcani, Kenya 
Baringo, Kenya 
Manzala, Egypt 
Baobab, Kenya 
Swansea strain 
(O. n niloticus) 
Turkana strain 

(O. n vulcani) 
Baringo strain 
Hybrid ancestry strains 
Red strains 
African and Asian 
strains 


Bouake strain 


No strain defined 


RFLP 
Mitochondrial 


RAPD 


RAPD 
VNTR 


Allozyme/ 
isozyme 


Allozyme/ 
isozyme 


RAPD 


Wild relatives 


Wild relatives/ 
Farmed 


Farmed 


Wild relatives/ 
Farmed 


Wild relatives/ 
Farmed 


Wild relatives 


Species 
differentiation 


Species 
differentiation 


Strain differentiation 
RAPD/GD - 0.2178 
VNTR/GD = 0.5745 


Population structure 
and genetic diversity 
D — 0.017 
Population structure 
and hybridization 

O. niloticus D — 
0.214 

T. zilli D = 0.634 
Population structure 
and genetic variation 
O. niloticus: 

Fy = 0.69 

O. leucostictus 

Fr 0.69 

O. esculentus 

Fr 0.80 


Seyoum and 
Kornfield (1992) 


Bardakci and 
Skibinski (1994) 


Naish et al. (1995) 


Macaranas et al. 
(1995) 


Rognon et al. (1996) 


Mwanja et al. (1996) 
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Species Locality Primary and secondary Marker Population Goals/Outcomes References 
farmed types origin 
Oreochromis niloticus Senegal No strain defined Allozyme/ Wild relatives Populations and Agnêse et al. (1997) 
Oreochromis aureus Niger isozyme subspecies genetic 
Ghana RFLP mtDNA characterization 
Egypt (D-loop) 
Ethiopia 
Kenya 
Oreochromis niloticus Egypt O. n. vulcani mtDNA Wild relatives Population structure Rognon and 
Kenya O. n. eduardianus ND5/6 region K = 13-16% Guyomard (1997) 
Mali O. n. cancellatus RFLP 
Senegal O. n. baringoensis 
Burkina Faso O. n. sugutae 
Oreochromis niloticus Sri Lanka No strain defined Allozyme/ Feral Hybridization De Silva (1997) 
Oreochromis isozyme occurrence 
mossambicus 
Oreochromis Zimbabwe No strain defined Allozyme/ Wild relatives Hybridization Gregg et al. (1998) 
mossambicus isozyme occurrence 
Oreochromis mortimeri 
Oreochromis 
macrochir 
Oreochromis niloticus Kenya No strain defined Allozymes/ Wild relatives Genetic variation Agnêse et al. (1999) 
Oreochromis Microsatellites and hybridization 
esculentus 
Oreochromis niloticus Lake Victoria No strain defined Microsatellites Wild relatives Population structure Fuerst et al. (2000) 
region and genetic diversity 


F,,— 0.081 
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Oreochromis niloticus 
Oreochromis hornorum 
Tilapia rendalli 
Hydrids 


Oreochromis 
mossambicus 
Oreochromis niloticus 


Oreochromis 
mossambicus 


Oreochromis niloticus 
Oreochromis aureus 


Tilapia zillii 
Oreochromis niloticus 
Oreochromis aureus 
Sarotherodon galilaeus 
Oreochromis niloticus 


Oreochromis niloticus 
Oreochromis aureus 


Brazil 


Mozambique 


Southern 
Africa 


Egypt 

Kenya 

Niger 

Mali 

Burkina Faso 
Senegal 
Ivory Coast 


Egypt 


Ghana 


Mexico 


No strain defined 


No strain defined 


No strain defined 


No strain defined 


No strain defined 


No strain defined 


Stirling, red and 
hybrids 


RAPD 


Allozyme/ 
isozyme 


Microsatellites 


Allozyme/ 
isozyme 
mtDNA 
(cytochrome b 
D-loop) 


18S ribosomal 
nuclear DNA 


RAPD 
mtDNA 
(D-loop) 
Meristic/ 
Allozyme/ 
isozyme 


Farmed 


Wild relatives 


Wild relatives, 
Farmed and 
Feral 


Wild relatives 


Wild relatives 


Wild relatives 


Farmed/Feral 


Species and hybrids 
differentiation 


Hybridization 
occurrence 


Population structure 
and genetic diversity 
Fg17 027 


Population structure 
and hybridization 
occurrence 

O. niloticus 

D = 0.037; K= 0,062 
O. aureus 

D- 0.023; K- 0,0462 
Species 
differentiation 


Population structure 
and genetic diversity 


Genetic 
differentiation 
among strains 
0,— 0.632 


Lima et al. (2000) 


Moralee et al. (2000) 


Hall (2001) 


Rognon et al. (2003) 


El-Serafy et al. 
(2003) 


Falk and Abban 
(2004) 


Barriga-Sosa et al. 
(2004) 
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Species Locality Primary and secondary Marker Population Goals/Outcomes References 
farmed types origin 
Oreochromis niloticus Egypt No strain defined RAPD Wild relatives Population structure — Hassanien et al. 
and genetic diversity (2004) 
RAPD/GD = 0.1906 
Oreochromis niloticus | Netherlands GOTT, AIT, IDRC and Microsatellite Farmed Genetic diversity Rutten et al. (2004) 
GIFT among strains 
Fs, 0.178 
Oreochromis niloticus | Philippines Domesticated: NIFI Microsatellite/ Farmed Genetic diversity Romana-Eguia et al. 
and Red hybrids and Israel mtDNA-RFLP among strains (2004) 
Improved: GIFT, GMT, (D-loop) O. niloticus 
FAC-selected and ®,,= 0.0038 
SEAFDEC-selected Red hybrids 
Red hybrid: BFS, Psr = 0.0063 
FACred, NIFIred, HL, 
and PF 
Oreochromis niloticus Brazil Bouaké e Chitralada RAPD Farmed Genetic Povh et al. (2005) 
differentiation 
among strains 
ShI = 0,222 
Oreochromis niloticus Egypt No strain defined Microsatellite Wild relatives Population structure Hassanien and 
and genetic diversity Gilbey (2005) 
F= 0.035 
Oreochromis niloticus Egypt No strain defined Allozyme/ Wild relatives Species El-Serafy et al. 
Oreochromis aureus isozyme differentiation (2006) 


Sarotherodon galilaeus 


Tilapia zillii 
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Oreochromis niloticus 
Oreochromis. 
leucostictus 
Oreochromis niloticus 


Oreochromis 
mossambicus 
Oreochromis niloticus 


Oreochromis niloticus 


Oreochromis niloticus 


Oreochromis niloticus 


Oreochromis niloticus 
Oreochromis aureus 


Kenya 


Brazil 


Southern 
Africa and 
northern Nile 
River 


Lake Victoria 
Lake Kyoga 
Lakes Edward 
George 

Egypt 


Kenya 


Egypt 


No strain defined 


Tai Chitralada 
Red Stirling 


No strain defined 


No strain defined 


No strain defined 


O. n. vulcani 

O. n. eduardianus 
O. n. baringoensis 
O. sugutae 

O. n. niloticus 


No strain defined 


Microsatellite/ 
D-loop 


Microsatellite 


Microsatellite/ 
mtDNA 
(D-loop) 


RAPD 


RAPD 


Microsatellite 
mtDNA 
(D-loop) 


Allozyme/ 
isozyme 


Wild relatives 


Farmed 


Wild relatives/ 
Farmed 


Wild relatives 


Wild relatives 


Wild relatives 


Wild relatives 


Hybridization 
occurrence 


Genetic 
differentiation 
among strains 

F= 0.131 
Population structure 
and hybridization 
occurrence 

O. mossambicus 
F= 0.1684 

O. niloticus 
Fy=0.1573 
Population structure 
and genetic diversity 
RAPD/GD = 0.5415 


Population structure 
and genetic diversity 
Gsr= 0.23 


Population structure 
and genetic diversity 
Microsatellite 

Fay 0.256 

mtDNA 

n = 0.013 
Hybridization 
occurrence 


Nyingi and Agnése 
(2007) 


Moreira et al. (2007) 


D'Amato et al. 
(2007) 


Mwanja et al. (2008) 


Rashed et al. (2008) 


Nyingi et al. (2009) 


Bakhoum et al. 
(2009) 
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Species Locality Primary and secondary Marker Population Goals/Outcomes References 
farmed types origin 
Oreochromis aureus Mexico No strain defined Morphometric/ Feral Species Espinosa-Lemus 
Tilapia rendalli Allozyme/ identification and et al. (2009) 
O. mossambicus isozymes population structure 
mtDNA-RFLP O. aureus 
(16S rRNA - Microsatellite 
cytb) Fg 0.410 
mtDNA 
P.r = 0.4343 
Oreochromis sp. Malaysia No strain defined RAPD Farmed/Feral Farmed and feral Othman et al. (2010) 
genetic differences 
RAPD/GD = 0.12- 
0.17 
Oreochromis niloticus Lake Victoria No strain defined Microsatellite Wild relatives Population structure Mwanja et al. (2010) 
Oreochromis Region and genetic diversity 


esculentus 
Oreochromis. 
leucostictus 
Oreochromis variabilis 
Tilapia zillii 


O. niloticus 
Fo= 0.150 
O.esculentus 
Fay 0.216 

O. leucostictus 
Fay 0.156 

O. variabilis 
Fay 0.133 

T. zillii 

Fay 0.215 
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Oreochromis spp. Colombia 
Oreochromis niloticus Kenya 
Oreochromis 

esculentus 

Oreochromis niloticus Sudano- 


Sahelian and 
Nilo-Sudanian 
river basins 
Oreochromis aureus Hawai 
Oreochromis 
mossambicus 
Oreochromis niloticus 
Oreochromis urolepis 
Sarotherodon 
melanotheron 
Tilapia redalli 


Red hybrids 


No strain defined 


O. n. niloticus, 
O. n. vulcani, 

O. n. cancellatus 
O. n. filoa 


No strain defined 


Microsatellite Farmed 
Microsatellite Wild relatives/ 
mtDNA Feral 

(D-loop) 


Microsatellite Wild relatives 


mtDNA 
D-loop and 
COI 


Farmed/Feral 


Genetic 
differentiation 
among strains 

Dçy= 0.176 
Population structure 
and genetic diversity 
Microsatelite 

O. niloticus 

Foy= 0.033 

O. esculentus 

F= 0.057 

mtDNA 

O. niloticus 

n = 0.077 

OD. = 0.195 

O. esculentus 

x = 0.003 

OD. = 0.244 
Population structure 
and genetic diversity 
Rep = 0.297 


Species 
identification 


Brifiez et al. (2011) 


Angienda et al. 
(2011) 


Bezault et al. (2011) 


Wu and Yang (2012) 
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Table 1. (Contd.) = 
Species Locality Primary and secondary Marker Population Goals/Outcomes References 
farmed types origin 
Oreochromis niloticus Brazil Panamá-UNISUL Microsatellite Farmed Genetic diversity Petersen et al. 
RED (0. ssp) among strains (2012) 
GIFT Fer= 0.13 
Oreochromis niloticus Egypt No strain defined Inter-simple Farmed Genetic diversity Saad et al. (2012) 
Oreochromis aureus sequence repeat within and among 
Tilapia zillii (ISSR) species 
Sarotherodon galilaeus O. niloticus 
GS = 0.969 
O. aureus 
GS = 0.972 
T. zillii 
GS = 0.878 
S. galilaeus 
GS = 0.961 
Oreochromis niloticus Thailand Chitralada Microsatellite Farmed and Population structure Sukmanomon et al. = 
GIFT feral and genetic diversity (2012) S 
East E 
Oreochromis niloticus Kenya No strain defined Microsatellite Wild relatives Population structure Ndiwa et al. (2014) E 
mtDNA and genetic diversity - 
(D-loop) Microsatellite "s 
Fa= 0.164 8 
mtDNA: 7 = 0.024 ES 
Oreochromis niloticus Zambia No strain defined Microsatellite Wild relatives Hybridization Deines et al. (2014) 3 
Oreochromis occurrence S 
= 
E 
ES 


macrochir 


Oreochromis 
mossambicus 


Sarotherodon 
melanotheron 
Tilapia guineensis 
Tilapia zillii 


Oreochromis niloticus 


Oreochromis niloticus 


Sarotherodon 
melanotheron 
Sarotherodon galilaeus 
Oreochromis niloticus 
Tilapia zillii 


Tilapia guineensis 


Oreochromis 
mossambicus 
Oreochromis niloticus 
Oreochromis aureus 


Mozambique 


Nigeria 


Nigeria 


Sri Lanka 


Brazil 


Nigeria 


Nigeria 


Philippines 


No strain defined 
No strain defined 
No strain defined 
GIFT 

Thai Chitralada 
Red-Stirling 
GIFT 


UFLA (Boiaké) 
No strain defined 


No strain defined 


No strain defined 


Microsatellite 
Morphometric/ 
Merisitcs 


RAPD 


Microsatellite 


Microsatellite 


mtDNA 
(D-loop) 


Microsatellite 


mtDNA 
COI 


Wild relatives 


Wild relatives 


Wild relatives 


Farmed 


Farmed 


Farmed 


Wild relatives 


Farmed/Feral 


Population structure 
and genetic diversity 
Dzsr 0.0327 
Species 
identification 


Population structure 
and genetic diversity 
D — 0.763 

Genetic diversity 
between strain lines 
Genetic 
differentiation 
among strains 
Dg;- 0.373 
Species genetic 
diversity 

S. melanotheron 
170,21 

S. galilaeus, 

1 — 0.01 

O. niloticus 

n = 0.04 

T. zilli 

x — 0.05 

Population structure 
and genetic diversity 
D —- 0.118 

Species 
identification 


Simbine et al. (2014) 


Kuton and Adeniyi 
(2014) 


Oladimeji et al. 
(2015) 


De Silva (2015) 


Dias et al. (2016) 


Agbebi et al. (2016) 


Ukenye et al. (2016) 


Maranan et al. 
(2016) 
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Species Locality Primary and secondary Marker Population Goals/Outcomes References 
farmed types origin 
Oreochromis niloticus Egypt No strain defined Allozyme/ Wild relatives Population structure — El-Fadly et al. 
Oreochromis aureus isozymes and genetic diversity (2016) 
Tilapia zillii 
Oreochromis niloticus Brazil Chitralada, GST, and Microsatellite Farmed Genetic Baggio et al. (2016) 
GIFT differentiation 
among strains 
Fsr= 0.2915 
Coptodon zillii Egypt No strain defined mtDNA Wild relatives Population structure Soliman et al. (2017) 
(COL, D-loop, and genetic diversity 
CYTB) Dgr= 0.4231 
n = 0.0014 
Oreochromis niloticus Egypt No strain defined mtDNA Wild relatives Population variation Mohamed-Geba 
COI in different salinities et al. (2017) 
environments 
Sarotherodon Benin No defined genetic Microsatellite Wild relatives Population structure Amoussou et al. 
melanotheron varieties or strains and genetic diversity (2018) 
G'sr= 0.286 
Oreochromis urolepis Tanzania No strain defined Microsatellite/ Wild and Feral Hybridization Shechonge et al. 
Oreochromis niloticus Morphometric occurrence (2018) 
Oreochromis 
leucostictus 
Oreochromis niloticus Uganda No strain defined Microsatellite Wild relatives Population structure — Tibihika et al. (2019) 


and genetic diversity 


0c 
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Oreochromis niloticus 


Oreochromis niloticus 
Oreochromis aureus 
Oreochromis 
mossambicus 
Oreochromis u. 
hornorum 


Oreochromis spp. 


O. niloticus 


O. niloticus 


O. niloticus 


Tanzania 


Scotland 
Africa 
Scotland 
Singapore 
Israel 


Africa 
West Africa 
countries 


Malaysia 


Egypt 


No strain defined 


Stirling strain 
Wild relatives 
populations 


No strain defined 


No strain defined 


GIFT 


Wild relatives Abbassa 


Strain 


Microsatellite/ 
Morphometric 


SNP 


Nuclear genes 
markers/ 
mtDNA (ND2) 


SNP 


Wild relatives 


Wild relatives/ 


Farmed 


Wild relatives 


Wild relatives 


Farmed 


wild relatives/ 
Farmed 


Population structure 
and genetic diversity 
Fey = 0.249 


Marker development 
Species 
identification 


Phylogenetic and 
molecular species 
determination 
Population structure 
and genetic diversity 
Global F4, = 0.144 
number of 
informative SNP 
markers= 40,930 
Evidence for 
signatures of 
selection, and 
genetic diversity 
related to 
domestication in 
the AS compared to 
wild Egyptian Nile 
River F4, = -0.008- 
0.058 no genes of 
major effect were 
presently detected 


Shechonge et al. 
(2019) 


Syaifudin et al. 


(2019) 


Ford et al. (2019) 


Lind et al. 2019 


Peñaloza et al. 


(2020) 


Nayfa et al. 2020 
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Species 


Coptodon zillii 

O. niloticus 

O. variabilis 
Sarotherodon galilaeus 
O.esculentus 

O.jipe 


O. niloticus 


*All taxonomy nomenclatures are according to their publication year. Some of them do not correspond to the current taxonomy classification. 

RAPD - Random Amplified Polymorphic DNA; VNTR - Variable Number of Tandem Repeats; He — Expected heterozygosity; Na — Alleles number 
per locus; D or G4,— Nei's genetic distance (Nei 1987); K = Nucleotide divergence; 0, = Genetic differentiation among the analyzed samples (Weir and 
Cockerham 1984); ShI = Shannon index; Fsy= Wright's population differentiation index; x = Nucleotide diversity; Dsy= Inter population differentiation 
index by the Analysis of Molecular Variance (4MOVA); Dg, = Jost's population differentiation index; Rsy = Slatkin's population differentiation index; 
Gsr = Hedrick's population differentiation index; RAPD/GD = RAPD genetic differentiation (Lynch and Milligan 1994); VNTR/GD = Minisatellites 
genetic differentiation (Jin and Chakraborty 1993; Ksructure = number of population assessed using Structure software; GS = Genetic similarity; COI 
= Cytochrome c oxidase I; 16S rRNA = 16S ribosomal RNA; Cytb = Cytochrome b; ND2, 5 and 6 = NADH-ubiquinone dehydrogenase 5 and 6. . 
Primary and secondary farmed types: refers to a farmed aquatic organism below the level of species that could be a strain, variety, hybrid, triploid, 
monosex group, or other genetically altered form or wild type; Wild relatives: they are all farmed species can still be found in nature; Feral populations: 


Locality 
East and 


West African 
countries 


Benin 


Table 1. (Contd.) 


Primary and secondary 
farmed types 
No strain defined 


Wild relatives 
CEFRA strain 


Marker 


Microsatellites 


SNP 


Population 
origin 
wild relatives/ 
Farmed 


wild relatives/ 
Farmed 


Goals/Outcomes 


Testing the species 
boundaries of all 
Tilapiine species 
interacting with Nile 
tilapia. 

Thirty-eight 

SSR previously 
developed for O. 
niloticus were tested 
for cross-species 
amplification 
resulting in 
detectable working 
markers 

Population structure 
and genetic 
diversity. 

Fs; 0.018-0.143 


CT 


References 


Kariuki et al. 2021 


Fagbémi. et al 2021 


nidpp fo aanjjnoonby pup Asojoig 


individuals produced in captive that return to the wild. (standardized terminology of AqGR used by FAO, see Mair and Lucente, 2020) 
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for genetic improvement of aquaculture species was described in detail by Sonesson 
et al. (2007); for tilapias, MAS is yet before us. Whole-genome resequencing has 
shown signatures of selection in cultured Nile, Mozambique, and red tilapias (Xia 
et al. 2015). 

Besides, new opportunities are offered to evaluate the current status of tilapia 
genetic resources chiefly within their native distributions. Genomic tools also can be 
appliedto detectthe segregation of genes affecting ecological adaptation. Considerable 
work has been done with model systems (e.g., three spine stickleback Gasterosteus 
aculeatus, Hohenlohe et al. 2010), with systems of interest to management (e.g., 
lake trout Salvelinus nemaycush, Goetz et al. 2010, Chinook salmon Oncorhynchus 
tshawytscha, Larson et al. 2014), or conservation (e.g., Pacific lamprey Entosphenus 
tridentatus Hess et al. 2013). Allendorf et al. (2010) provide a useful review of 
principles. The application of genomic approaches to detecting adaptation-related 
genes in natural tilapia populations is yet to be done but may provide insights useful 
for the conservation of critical fish genetic resources. 

There is a growing consensus that the management of genetic resources is 
based on a three-step linear model, progressing from conservation to evaluation 
to utilization (Berthaud 1997). The genetic characterization of wild relatives and 
farmed types tilapia genetic resources is but a part of monitoring genetic variation 
for conservation and sustainable use of this globally important food source (Lind et 
al. 2012b). 
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1. Introduction 


Genetic improvement aims to increase the productivity of a population by selecting 
the best individuals from one generation to be the parents of the next generation. A 
key question for this process is: Who are the “best individuals”? Initially, we may 
think that they are the ones with the best performance: the fastest growth, best body 
traits, greatest food efficiency, disease resistance, etc. However, all of these traits, 
from a genetic standpoint, are phenotypes, that is, they can be observed or measured. 
Each phenotype can be described as the result of the sum of genetic factors and 
environmental factors (Phenotype = Genotype + Environment or P = G+ E). Thus, 
the best performance (phenotype) of an animal can be due to environmental factors 
that are not inheritable. Given this possibility, the animal with the best performance 
would not transmit this superiority to its offspring. 

Furthermore, there are also non-inheritable genetic factors. Considering the 
equation P = G + E, it is still possible to separate genetic factors into additives, 
dominance, and epistasis (G = A + D + I). Only additive genetic factors are passed 
from one generation to the next by selection. Thus, answering the question we 
initially proposed, the “best individuals” are those that have the highest additive 
genetic values, or as it is said in animal breeding, the highest breeding value (BV). 
Statistical designs and models as well as molecular information are used in breeding 
programs to estimate the BV of animals in different environments as accurately as 
possible. The next sections will discuss these topics in detail. 
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2. Design of breeding programs in farmed Tilapia 


Breeding programs aim to promote consistent and lasting genetic gains. Therefore, 
the correct evaluation and selection of animals, a mating system that optimizes 
genetic gains while maintaining inbreeding at acceptable levels, and an effective 
dissemination of genetically superior animals to the productive system are aspects 
that should be considered in the design of a breeding program in tilapia. Different 
systems, where the tilapia is farmed, and the high fecundity rate of this species 
are additional factors that should be considered in the implementation of breeding 
programs (Ponzoni et al. 2010). 

Figure 1 shows a detailed design ofa fish breeding program proposed by Gjedrem 
and Baranski (2009). The authors proposed genetic evaluation and selection of 
animals, mating selection, hatchery and initial growth (using separate hatching trays 
and hapas for each family in order to maintain the pedigree), individual identification 
(e.g. passive integrated transponder [PIT]), and sending the identified animals to 
different evaluation sites (nucleus evaluation station and/or field and challenge 
stations). They also proposed the dissemination of genetic gain from a nucleus 
specimen to commercial farmers through the use of multipliers. 


Mating (hapas 1 d 12) 
(Selected breeders) 


Multipliers 


(e.g. Parents 
stocks) 


Hatchery 


Nucleus evaluation station Fingerling 


producers 


(Separate hactching trays 


Breeding candidates 
by family) 


(Commercial 
broodstock) 


Commercial 
Production 


(Grow-out ) 


Initial growth (full sibs hapas) 


Tagging and distribuition to 
nucleus evaluation and field test 
station 


Field test station 1 


(e.g. test in an emergent 


Field test station 2 
(e.g. test in a different 
production system from 
nucleus) 


Challenge station 
(e.g. challenge for specified 
pathogens) 


= = > Information flow =m Animal flow 


Fig. 1. Design of a fish breeding program (adapted from Gjedrem and Baranski 2009). 


2.1. Genetic evaluation: Brief notes about data analysis 


According to Mrode and Thompson (2005), the phenotypes of economic traits 
are determined by environmental, genetic, and residual effects. The appropriate 
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identification of environmental and genetic effects and the use of relationship 
information—whether ascending, descending, or collateral—will allow a more 
accurate BV estimation. 

Several statistical methodologies have been proposed to estimate the BV 
of economic traits. According to Lind et al. (2012), combined selection, using 
an individual's and its relative's information to estimate the BV, has been used 
in different fish breeding programs. The same authors highlighted that combined 
selection can be used to estimate the BV for traits that require slaughter and/or to 
evaluate disease challenge or tolerance to some environmental conditions. 

Currently, the mixed model equations (MME) proposed by Henderson (1984) 
are most often used to estimate the genetic merit in a combined selection in tilapia 
breeding programs (Thodesen et al. 2011, Oliveira et al. 2016, Garcia et al. 2017). 
This methodology allows the simultaneous estimation of systematic environmental 
and genetic effects (BVs), using information from the individual and its relatives, and 
the variance components estimated previously from the population under evaluation 
(Henderson 1984, Mrode and Thompson 2005, Gjedrem and Baranski 2009). 

A simple animal model takes the equation y = XB + Za + e, where y is the vector 
of observations, f is the vector of fixed effects, a is the vector of random animal 
effects, e is the vector of random residual effects, X is a matrix that relates records to 
fixed effects, and Z is a matrix that relates the records to random animal effects. Thus, 
the MME for animal model described above are: 

H [rx see Tixas 

a| eur Eee zm 
where G = Ac}, R = Io? , À is numerator relationship matrix, O ? is additive genetic 
variance and o? is residual variance, and 7 is an identity matrix order n x n. The 
expectations of random effects are zero and cov (a, e) = 0, V = ZGZ' + R, where V is 
phenotypic variance and covariance matrix. The statistical properties are described 
by Henderson (1984). 

Due to the peculiarities of animal management, an additional effect is usually 
added in the statistical model, namely, the common family effect (due to separate 
rearing of full-sib families from spawning to tagging; Figure 1). Thus, the animal 
model is described by y = XB + Za + Wc + e, where y is the vector for an economic 
trait (e.g. body weight), B is the vector of fixed effects (e.g. sex, age, or cage/tank), 
a is the vector of random animal effects, c is the vector of random common family 
effects, e 1s the vector of random residual effects, X is a matrix that relates records to 
fixed effects, Z is a matrix that relates the records to random animal effects, and W is 
a matrix that relates the records to random common family effects. 

Several computer programs have been proposed to estimate variance components 
and solve the mixed model equations. This effort led to the estimated breeding 
value (EBV) for economic traits (Lind et al. 2011, Masuda 2018). The use of these 
programs is widespread in tilapia genetic breeding programs worldwide. Thus, this 
methodology can be utilized to estimate the EBV and promote the selection and 
mating of selected animals. 
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2.2. Mating decision: Some considerations 


There are two points that should be considered with regards to the mating decision: 
mating to produce the next generation of the selected nucleus and mating for 
dissemination to commercial farms/industry. 

For the selected nucleus, the use of information from relatives, combined with 
the MME methodology, results in co-selection of relatives. This application can 
increase the inbreeding levels for the next generation, especially if one performs 
truncation selection. Several strategies have been developed to promote matings that 
produce maximum genetic gain while restricting/controlling inbreeding, including 
optimum contribution (OC) and mate selection (Yoshida et al. 2017). In the OC 
method, the intensity of use of the selected animals is optimized considering the 
progeny's expected genetic merit and the co-ancestry between the parents. For the 
MS methodology, the selection and mating decisions are made simultaneously so 
that the inbreeding coefficient of future progeny can define the selection and mating 
of animals (Yoshida et al. 2016). According to Yoshida et al. (2017, 2020), the OC 
and MS methods maximize the genetic gains in Nile tilapia and Coho Salmon under 
a controlled rate of inbreeding. The authors suggest that these methods can be an 
alternative to selection based exclusively on genetic merit. 


2.3. Dissemination of genetic gains 


The efficient distribution of genetic material from the selected nucleus to commercial 
producers is critical to maximize the benefits of breeding programs. According to 
Gjedrem and Baranski (2009), genetic dissemination occurs by direct transfer of 
the nucleus or through multipliers. Direct transfer is difficult for species such as 
tilapia because the amount of fingerlings they produce is not sufficient to meet the 
demands of producers. Thus, the use of multipliers is necessary to disseminate in 
volume and quality the demands of the industry (Gjedrem and Baranski 2009). 
An additional advantage of multipliers is the development of genetic lines to meet 
specific requirements. Thus, one or more trait(s) can be used to select animals and 
meet market demands. Additionally, due to the use of small numbers of breeders, this 
method can produce more standardized offspring. 

Another important point is the use of a field test station. The environmental 
conditions of the nucleus evaluation station are sometimes different from emergent 
production systems or important farming commercial conditions. Thus, the data 
collected from these different situations can allow selection of robust animals or help 
in the development of specific genetic lines. 


3. Selective breeding in biofloc systems 


The development of freshwater fish farming has been boosted by the expansion of 
cage-based tilapia production in various existing reservoirs as well as production 
of it and other species in cages and ponds. Based on these systems, this activity 
might become untenable due to the spent water volume, the environmental impact 
caused by the generated effluents, and other environmental issues. The increase 
in cage production has been limited by conflicts—mainly environmental—related 
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to its legalization. The development of fish farming in ponds requires the need to 
occupy large areas. This fact leads to great investments in land and dependence on 
large volumes of water per kilogram of fish produced. Given these constraints, it is 
necessary to improve aquaculture production systems to use both land and water 
more efficiently. 

Since the mid-1990s, the Veterinary School of the Federal University of Minas 
Gerais (EV-UFMG), Brazil, and other research institutions around the world have 
made efforts to study and develop water-reuse fish production systems, such as 
recirculating aquaculture systems (RAS). The results from this research should allow 
the production systems to achieve the growing needs for economic and environmental 
sustainability. However, because they are intensive production systems, with a 
diverse demand for equipment to maintain proper rearing conditions and electricity 
for operation, the risks due to potential malfunctions are great and require a short- 
term response. Thus, efforts have been directed to less complex options regarding 
structures, equipment, and management. Compared to RAS, biofloc technology 
(BFT) is advantageous because it has a minimum water expenditure, uses lower 
protein diets and in a smaller quantity, and requires a much smaller investment 
in equipment to maintain water quality. Furthermore, BFT is considered to be an 
environmentally sustainable system (see Chapter 14 of the present book for further 
details on biofloc technology). 

In addition to these favorable aspects, there is evidence that fish raised in 
BFT have better reproductive performance, greater resistance to infections, and 
less susceptibility to stress (Ahmad et al. 2017, Avnimelech 2007, 2009). These 
advantageous aspects justify the efforts to study and improve it, especially for 
tilapia production, of which there is substantially less information when compared 
to shrimp production in BFT. NGTAqua, the nucleus of nutrition, genetics, and 
technology studies for tilapiculture, which is part of the Aquaculture Laboratory 
from the Federal University of Minas Gerais (LAQUA-UFMG), has been making 
great efforts to generate information in order to support the sustainable development 
of this production chain. These endeavors are particularly important given the 
expectation that BFT can reduce production costs and minimize environmental 
impacts for tilapia production. 

In 2009, a Nile tilapia genetic improvement program was started by NGTAqua. 
The base genetic material came from two commercial sources that produced 
fingerlings from the Chitralada line, one from Minas Gerais and the other from 
Paraná (both Brazilian states). Since the beginning at our facilities, the study and 
selection of this genetic material has been conducted by the formation of families, 
with the identification of individuals by microchips. The first research was conducted 
exclusively in a RAS. Indeed, NGTAqua has more than 100 production units, with 
volumes from 35 to 4,000 L, which utilize different recirculating water systems for 
the various studies (reproduction, nutrition, breeding, etc.). These initial studies 
revealed that the evaluations should examine factors other than body weight, namely, 
meat yields and measures of fish body conformation. In 2012, a new investment in 
structures gave NGTAqua the ability to expand its studies on production systems. In 
the dam at the experimental farm of EV-UFMG, a set of cages was installed for the 
development of studies in this type of system. At LAQUA-UFMG, four agricultural 
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greenhouses were established in order to fully exploit the possibilities of developing 
aquaculture activities in BFT. These greenhouses contain 54 units with a 4.000 L 
volume, 24 units with a 1.000 L volume, and 20 units with 150 L volume to support 
these studies. 

One of the main objectives of our initial proposal was to try to answer whether 
a selection program would be needed for each type of production system, or if only 
one improved lineage would be sufficient to achieve the needs and particularities of 
each system. In the NGTAqua program, the first three generations were evaluated 
in the three production systems. A total of 308 families were produced in these 
three generations, and over 9.000 tilapia were evaluated. In each generation, fish 
from all families were distributed in the three production systems and evaluated for 
body weight and carcass weight and yield. In each generation, the individuals were 
identified and weighed at approximately 56 days of age (counted from the yolk sac 
absorption) and distributed in several tanks of the three production systems. They 
were again weighed at various ages, from around 150 to 350 days. Additionally, 
fin samples were collected from most of the fish (over 17.000 are stored for the six 
generations already evaluated) for future work involving the use of genetic markers. 

Tilapia have been challenged to a high stocking density, particularly in the BFT 
system. No less than 40 individuals per cubic meter have been allocated in each tank. 
Thus, the tilapia have been raised under a more stressful condition than the most 
widely practiced commercial stocking densities. By ensuring that animals in the 
breeding program are selected under harsh conditions, it has been possible to produce 
a population better adapted to several growth conditions in the biofloc system itself. 

Our results suggest that it is possible to select tilapias and have consistent genetic 
gains for body weight traits from these production systems. Furthermore, up to the 
age of 168 days (24 weeks), there is a high genetic correlation (> 0.8; i.e. there is little 
genotype-environment interaction) between body weights in the three production 
systems (Turra et al. 2016). Thus, no specific breeding program is required to achieve 
an optimal body weight at this age for each evaluated production system. However, 
for older ages, the results are apparently different (Fernandes et al. 2019). As shown 
in Table 1, the genetic correlation for the body weight trait at 280 days of age (40 
weeks) in the three production systems is moderate (BFT x Cage and RAS x Cage) 
to high (BFT x RAS). These results suggest that high performance and genetically 
superior tilapias in RAS and BFT will not necessarily be in cages at older ages. In 
this situation, there are two options: (1) a breeding program is installed for each 
production system or (2) a selection index is used that combines the genetic merits 
for body weight in different production systems. NGTAqua chose the second option 


Table 1. Genetic correlations between body weight traits evaluated at 280 days of age: 
body weight in biofloc technology (wBFT), recirculating aquaculture system (WRAS), 
and in cages (wCage) Adapted from Fernandes et al. (2019) 


wBFT wRAS 
wRAS 0.70 
wCAGE 0.50 0.50 
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for its breeding program. However, we focused on a strain that could be well adapted 
to the most intensive growth conditions in sustainable growth environments such 
as BFT and RAS. Thus, in the following three generations, families were evaluated 
only with more emphasis on these two systems, i.e. greater number of animals under 
evaluation and consequent selection intensity in BFT. 

Similar to the first three generations, approximately 100 families were produced, 
and 3,000 candidate tilapia were evaluated in each ofthe subsequent three generations. 
The sixth generation of selected fish was produced and evaluated in 2019. Analysis 
of the genetic values throughout the selected generations (Figure 2) showed that the 
response to selection for body weight at 168 days in the BFT system was significant 
(30.32 + 0.11 g/generation). Additionally, genetic improvement can significantly 
contribute to improve tilapia growth in this particular production system. 

In breeding program planning, we established that selection would be based on 
the combination of the overall ranking (which receives the greatest emphasis) and 
within family selection so that at least 50 families should have been represented. 
This design was implemented to ensure that inbreeding was controlled. This strategy 
produced a mean coefficient of inbreeding of less than 3% in the population (Figure 
3), a rate that will ensure a multiyear outlook with significant genetic gains per 
generation. 

The results of this breeding program are important for academia, tilapia 
fingerling production companies, and the entire tilapia-related productive sector. 
The information can aid private or public companies in the design of other genetic 
improvement programs for tilapia and should ensure elevated productive and 
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Fig. 2. Mean and standard deviation (points and vertical bars) of genetic values for 

body weight at 168 days of age (g) in the biofloc technology (BFT) and genetic trend 

(straight) over the first six generations of selection. The genetic tendency was statistically 
significant (30.32 + 0.11 g/generation). 
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Fig. 3. Coefficient of inbreeding (%) over six generations of body weight selection at 168 
days of age using biofloc technology(BFT) by the NGTAqua Nile tilapia breeding program. 


economic efficiency of the tilapiculture chain. The zootechnical efficiency generated 
by the breeding program results in heavier animals that are more productive per unit 
of volume and with better feed conversion. These benefits contribute to reduce the 
environmental impact of the activity and allow companies involved in the production 
chain to have economic and environmental sustainability. The contribution to 
BFT, through the selection of improved animals for this system, should allow the 
expansion of its use by companies in the sector. Brazilian and worldwide tilapia 
production can be increased by utilizing a system that aligns environmental and 
economic sustainability. 


4. Molecular genetics applied to Tilapia selective 
breeding programs 


An important number of genetic improvement programs have been and continue to 
be implemented for tilapia across the world. They aim to enhance the growth rate 
and other economically important traits by means of selective breeding (Gjedrem 
and Rye 2018). For instance, one of the most widespread tilapia strains comes from 
the pioneering initiative Genetically Improved Farmed Tilapia (Lim and Webster 
2006). This strain is currently being farmed on different continents, including Africa, 
Asia, and South America. The results from selective breeding in this species are 
encouraging, with a reported response to selection of up to a 15% per generation 
for faster growth after six generations of artificial selection (Ponzoni et al. 2011). 
Currently, most of the genetic improvement programs for Nile tilapia rely primarily 
on conventional pedigree-based selective breeding approaches. These tactics are 
well suited for traits that are directly measured on the selection candidates but have 
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some limitations for traits that are evaluated via sib-testing. Given the advantages 
of tilapia aquaculture (e.g. rapid growth and good adaptability) and the existence 
of genetic improvement programs to support the production, there is an increasing 
interest in the application of genomic approaches to better exploit breeding methods, 
including mapping genomic variants that underlie genetic variation for desired traits 
and speeding up the selection response through the use of genomic selection. 


4.1. Potential applications of genomics 


Recent advances in genomic technologies, including high throughput-genotyping 
methods and next-generation sequencing, have allowed researchers to identify 
genetic variants involved in phenotypic variation for several traits in terrestrial 
animals (Georges et al. 2018) and aquaculture species (Lhorente et al. 2019). 
Molecular markers, e.g. single nucleotide polymorphisms (SNPs), can be used 
for several applications in livestock and aquaculture species, including strain and 
hybrid traceability, genetic variability and diversity assessment, parentage analyses, 
pedigree reconstruction, quantitative trait loci (QTL) and genome-wide association 
(GWA) analyses, marker assisted selection (MAS), and genomic predictions (Liu 
and Cordes 2004, Yáñez et al. 2014). 

Data from a small number of molecular markers associated with QTL (i.e. 
genomic regions that span genes or genetic variants with an important effect on the 
trait of interest) might be employed in breeding programs through MAS, if they 
explain a high percentage of genetic variance for the trait. Additionally, information 
from thousands of SNP markers might be simultaneously implemented into routine 
genetic evaluations to estimate genomic-based breeding values (GEBVs), a method 
termed genomic selection (Meuwissen et al. 2001). These genomic approaches are 
particularly advantageous for the genetic improvement of traits that can be difficult 
or impossible to record directly on selection candidates (e.g. carcass quality and 
disease resistance traits; Sonesson and Meuwissen 2009, Villanueva et al. 2011, 
Taylor 2014). 

Implementing MAS or GS requires previous knowledge on the genomic regions 
associated with the trait of interest. Therefore, studying the association between 
phenotypes and genotypes—and thus disentangling the genetic architecture of 
the trait through QTL mapping or genome-wide association studies (GWAS)—1s 
typically the first step to incorporate genomic information to enhance selective 
breeding methodologies in livestock and aquaculture species. Increased knowledge 
about genes and causative variants that affect economically important traits in 
different aquaculture species is expected in the near future, expedited by the rapid 
adoption of genomic technologies and cumulative availability of genomic tools for 
farmed fish (Yáñez et al. 2015). 


4.2. Genomic resources for Nile tilapia 


The identification of the molecular basis of complex traits, at a whole-genome level, 
and the application of genomic selection (GS) for aquaculture species requires an 
extensive number of highly informative SNP markers that preferably segregate 
in multiple farmed populations. Therefore, the identification and validation. of 
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SNP markers, densely distributed across the whole genome, will facilitate a better 
understanding of economically relevant traits in tilapia, with a high potential of 
accelerating the rate of genetic progress in this species. From a practical perspective, 
the utilization of dense SNP panels to assist breeding programs for tilapia, by means 
of GS, should have a marked impact in accelerating genetic gains for carcass quality 
traits (e.g. fillet yield, fat content and composition, and flesh quality, among others) 
and resistance against the main infectious and parasitic diseases that affect tilapia 
farming systems (e.g. Streptococcus spp., Francisella spp., viral nervous necrosis, 
and tilapia lake virus, among others). Indeed, given their nature, all these traits 
cannot be directly measured via selection candidates (Lhorente et al. 2019, Ødegård 
et al. 2014). 

The discovery and validation of genome-wide SNP panels in tilapia have 
been greatly facilitated by the availability of a chromosome level-assembly for 
the reference genome of this species (Conte et al. 2017, 2019). For instance, these 
resources have allowed the development of two high-throughput SNP genotyping 
platforms for Nile tilapia. The first panel comprises a 58K Affymetrix (ThermoFisher) 
SNP array developed by means of whole-genome resequencing of 32 fish from a 
farmed population of the Genomar strain to discover the genetic variants included in 
the platform (Joshi et al. 2018). The second SNP panel was generated after a large- 
scale de novo variant discovery effort performed with whole-genome resequencing 
of more than 300 animals from three different commercial strains—two from Costa 
Rica and one from Brazil—information that was exploited for the discovery and 
validation of a 50K SNP panel posteriorly implemented in an Illumina bead chip 
for routine genotyping (Yáñez et al. 2020). These genomic tools, in the context of 
GWAS and GS, are being used to perform an increasing number of studies that aim 
to generate better knowledge on the species biology, identify the genetic basis of 
economically relevant traits, and evaluate genomic prediction approaches to hasten 
genetic progress in farmed Nile tilapia. 


4.3. Application of genomics to Nile tilapia biology and 
populations 


The 58K Affymetrix SNP array for Nile tilapia has been used to construct a high 
density linkage map for the species. The study also included the characterization of 
the differential patterns of recombination between sexes along the species genome 
(Joshi et al. 2018). This linkage map has facilitated the generation of an improved 
version of the Nile tilapia genome assembly (O. niloticus UMD NMBU; Conte et al. 
2019). Furthermore, genome-wide linkage disequilibrium and genetic differentiation 
were recently assessed in farmed Nile tilapia from Latin America. The results 
indicated strong admixture and structure patterns among three breeding populations, 
with effective population sizes between 78 and 159 (Yoshida et al. 2019c). These 
results are a good example of how genomic information can be used to improve 
knowledge on tilapia biology and the demographic processed from current farmed 
stocks. 

There is sexual dimorphism in tilapia: males exhibit a faster growth rate when 
compared to females. The generation of mono-sex populations (all-males in this 
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case) is crucial for the profitability of tilapia aquaculture. Thus, sex determination in 
tilapia has been broadly studied to deepen knowledge of the mechanisms involved in 
the genetic differentiation of sex as a way to generate novel tools for assisting non- 
chemical sex reversion procedures. 

Different factors, including genetic background and environmental variables 
(e.g. temperature), are reportedly involved in sex determination in tilapia (Baroiller 
et al. 2001, Cnaani et al. 2008, Palaiokostas et al. 2013, Eshel et al. 2014, Wessels 
et al. 2014). Several genomic regions involved with sex determination have been 
identified in this species, including regions in chromosomes 1, 3, 20, and 23 (Lee et 
al. 2003, 2005, Shirak et al. 2006, Eshel et al. 2010, 2012, Cnaani 2013, Palaiokostas 
et al. 2015, Baroiller and D'Cotta 2019, Cáceres et al. 2019). Additionally, several 
genes have been proposed to play a role in sex determination in the tilapia genus, 
including Wilms tumor suppressor protein 1b (wtlb), cytochrome P450 of family 19 
subfamily A member 1 (cyp19a), anti-Müllerian hormone (Amh), and Double sex 
and Mab-3 related transcription factor 2 (Dmrt2; Shirak et al. 2006, Lee et al. 2007, 
Sun et al. 2014, Li et al. 2015, Cáceres et al. 2019). 


4.4. GWAS and GS 


High-throughput SNP genotyping platforms were recently used to identify QTL 
through GWAS and to assess genomic selection. For instance, a GWAS performed 
using a 50K SNP panel identified that harvest weight and fillet weight yield are 
traits primarily controlled by several loci that each exert a small effect. These data 
indicate a strong polygenic component for these two economically important traits 
in a commercial Nile tilapia population (Yoshida et al. 2019b). Furthermore, the 
implementation of genomic predictions using both real dense SNP data and imputed 
genotypes from low-density to higher-density SNP panels outperformed conventional 
pedigree-based genetic evaluations for growth and fillet yield (Yoshida et al. 2019b). 

Together, these results indicate that genomic selection will quicken the genetic 
progress for these traits. The use of low-density panels combined with genotype 
imputation can decrease the costs for the practical implementation of genomic 
selection in Nile tilapia breeding schemes. SNP genotyping platforms have also been 
used for the genomic dissection of additive and non-additive genetic effects for body 
weight, fillet weight and conformational traits in Nile tilapia. Besides showing a lack 
of dominance, the data revealed the presence of detrimental effects of inbreeding 
over these commercially relevant traits (Joshi et al. 2019). Furthermore, univariate 
and multivariate genomic prediction approaches have been also tested using the same 
SNP array. The findings showed an increase in prediction accuracies when compared 
to conventional pedigree-based genetic evaluation methods for body weight, fillet 
yield, and fillet weight (Joshi et al. 2019). These results indicate the feasibility of 
multi-trait genomic evaluations for genetic improvement of these populations, which 
is typically used for the simultaneous improvement of all the traits included in the 
breeding objective. 

In general, genomic selection has increased accuracy of selection for growth and 
fillet traits, when compared against ordinary pedigree-based genetic evaluations, in 
different Nile tilapia breeding populations. This phenomenon will lead to increased 
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response to selection for these traits. However, neither GWAS nor GS methodologies 
have been tested for disease resistance traits in this species. Based on the experience 
obtained from other aquaculture species, in which genomic technologies have been 
rapidly adopted to enhance breeding programs, it is expected that in the near future 
these methods will be applied to resistance against a wide variety of pathogens. 
This undertaking should be similar to salmonid species, in which viral (Houston et 
al. 2012, Moen et al. 2015, Rodriguez et al. 2019, Yoshida et al. 2019a), bacterial 
(Correa et al. 2015, Vallejo et al. 2016, 2017a,b, 2018, Bangera et al. 2017, Barria et 
al. 2018, Yoshida et al. 2019a), and parasitic (Tsai et al. 2016, Correa et al. 2017a, 
b, Robledo et al. 2019) resistance traits have been disentangled and evaluated using 
GWAS and GS approaches. 

There are studies that aimed to determine the genetic parameters for disease 
resistance traits in Nile tilapia. For instance, significant genetic variation has been 
detected for resistance against different bacterial infections in Nile tilapia, including 
Flavobacterium columnare (Wonmongkol et al. 2018), Streptococcus iniae (LaFrentz 
et al. 2016, Shoemaker et al. 2017), and Streptococcus agalactiae (Shoemaker et 
al. 2017, Suebsong et al. 2019). These results indicate the potential for improved 
survival by means of artificial selection in the studied tilapia populations. Further 
GWAS studies will allow researchers to determine the distribution of marker effects 
that explain these traits along the genome. Based on this information, animal breeders 
will be able to make the decision of implementing either MAS or GS programs, if 
the traits are explained by few loci of big effect or several loci of small effect each, 
respectively. 

The multiple regions identified to play a role in sex determination in tilapia 
indicate that this trait is complex and can also be modulated from environmental 
stimulus. Therefore, we expect that epigenetic studies, using whole-genome 
approaches, will be crucial to better understand the causative variants involved in 
sex determination and differentiation across a variety of environmental conditions in 
this species. This knowledge will help to establish novel strategies for managing the 
sex ratio in tilapia aquaculture populations. 


4.5. Genomic signatures of selection and domestication 


The identification of genomic regions subjected to artificial selection and adaptation 
to captivity conditions during the domestication process can also be addressed by 
means of genomic information in aquaculture populations (Lopez et al. 2015). 
For instance, more than a hundred putative selection signatures were identified in 
four farmed tilapia strains by using 1.4 million SNPs derived from resequencing 
47 individual genomes. The gonadotropin-releasing hormone receptor, Wnt, and 
integrin signaling pathways, generally related with reproduction, development and 
growth traits, were under positive selection in all the analyzed tilapia lines (Xia et 
al. 2015). A recent study using a similar number of whole-genome resequencing 
derived SNPs and a higher sample size (>300 fish) identified several genes related 
to growth, development, cognition, and behavior that are under selection in three 
farmed Nile tilapia strains (Cádiz et al. 2020). These studies provide relevant 
information about the putative genes and pathways involved in artificial selection 
and early domestication in farmed tilapia. 
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5. Closing comments 


Selective breeding in tilapia began in the 1990s with the GIFT program, and programs 
are currently distributed worldwide. Despite the high number and wide distribution 
of the programs, a large portion of farmed tilapia still come from unimproved 
populations, a factor that delays further development of the activity. This chapter, in 
addition to providing scientific and didactic important information to the academic 
field, may be useful to disseminate tilapia selective breeding to the productive sector 
by presenting genetic assessment methods in different environments and advancing 
genetic prediction models using the molecular tools currently available. Thus, 
aquaculture companies may be attracted to invest in breeding programs that will 
provide farmers with animals of high genetic potential and make tilapiculture an 
increasingly profitable and environmentally sustainable activity. 
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1. Introduction 


Teleostfish manifest numerous characteristics related to their morphology, physiology 
and biochemistry, allowing the colonization of different environments, as well as 
the exploration of different resources or food sources. Food selection by aquatic 
organisms is based on prey size and abundance, and on the ease with which it can 
be captured. According to Hunter (1981), prey selection by fish depends basically 
on size, although movement also plays an important role in the predator's ability to 
seize it. In many species, the prey selection pattern is also determined by the position, 
shape and size of the mouth. There is a close relationship between habitat, nutrition 
and the morphological organization of the digestive system, which manifests itself 
in adaptations that may have a temporary character, as well as modifications that 
impel a permanent character, interfering in the phylogenetic evolution of the species 
(Mokhtar 2017). 

Anatomically, the major division of the alimentary canal in vertebrates is the 
mouth, buccal cavity, pharynx, esophagus, stomach, intestines, rectum and related 
organs or attachments to the digestive tract. In some fish, the digestive canal forms an 
almost continuous tube from the mouth to the anus, and may be best compartmentalized 
in the oral and pharyngeal cavities; some authors still characterize the rest of the tube 
as: foregut — including the esophagus and stomach; midgut — such as duodenum, 
jejunum and ileum; and posterior intestine — the large and straight intestine. Here we 
will treat each portion individually. However, it is perfectly visualized that the food 
channel forms lugs and is structurally and functionally subdivided into different parts 
and these compartments are separated by sphincters and valves. To McMillan and 
Harris (2018), the main histological layers observed in the description ofthe cavitary 
compartments of the vertebrate digestive tract are: 
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Tunica mucosa: The internal mucous membrane consists of three layers: 

(a) Epithelium mucosae, often simple epithelium, resting on a basement 
membrane; 

(b) Lamina propria mucosae, the subepithelial layer consisting of a loose reticular 
tissue and areolar tissue connected with lymphoid nodules; and 

(c) Muscularis mucosae, only two narrow bands of smooth musculature in 
circular and longitudinal arrangements. 


Tunica submucosa: This layer of connective tissue contains larger blood vessels and 
lymphatic vessels and presents mucosal-associated lymphoid tissues (MALT). The 
autonomic plexus of Meissner, containing fibers and nerve ganglia associated with 
the autonomic system, is also observed. The secretory portions of the exocrine glands 
that contribute to the digestive events in the intestine can also be found in this layer. 


Tunica muscularis: Generally, there are two layers of smooth muscle, one arranged 
in an internal circular arrangement and another one in longitudinal arrangement, 
with an interfascicular connective tissue between these two muscle layers. The 
Auerbach myenteric plexus, which is related to the autonomic nervous system, is 
found immersed in this tissue. 


Tunica serosa or tunica adventitia: The peripheral tunic may be a serous or an 
adventitious tunic. The tunic is considered serosa if it commonly presents a pavement 
epithelium associated with connective tissue, representing the surface of a visceral 
peritoneum, also qualified as mesothelium. Blood vessels, lymphatics and nerves 
transit in this conjunctiva that is also accompanied by adipose cells. The tunica 
is described as adventitia when it consists of areolar connective tissue verified in 
anatomical structures like the pharynx and the anterior esophagus. 


2. Buccal cavity 


The oral cavity of Nile tilapia (Oreochromis niloticus) opens anteriorly through a 
small terminal mouth delimited by the upper and lower lips. In the oral cavity, two 
regions are recognized: the roof (dorsal region) and the floor (ventral region). The 
roof of the oral cavity comprises the upper lip, upper band or arch of teeth, upper 
respiratory valve, palate, and epipharyngeal bones. The floor of the cavity comprises 
the lower lips, lower band or arch of the teeth, lower respiratory valve, tongue and 
hypopharyngeal bones (Maina 2000). 

The labial surface, associated with the upper and lower arches, is endowed with 
a serrated calcified structure (like small teeth), showing a pair of similar upper and 
lower lines, serving to grind and gnaw food in sync with the teeth and the tongue. 
This set proceeds the selection, capture and conduction of food to the esophagus 
(Santos et al. 2019). The tongue is generally rigid and slightly mobile, contains no 
salivary glands, but exhibits taste buds (Elsheikh et al. 2012). 

The oral cavity is shared by the respiratory and digestive systems and its 
digestive function is related to the selection, seizure and conduction of food to the 
esophagus. The structure of the oral cavity is essentially the same as that of the skin. 
The epidermis of the skin is represented by the stratified mucosal epithelium and 
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chorium over a connective tissue submucosa (Ahsan-ul-Islam 1951). Generally, the 
epithelial cells lining the oral cavity have a circular cross-sectional profile and can 
have large intercellular spaces separating the cells. In some parts of its peripheral wall, 
however, epithelial cells are connected directly through zipper-like interdigitations 
(Maina 2000). In the margin of two to four epithelial cells, there is a crypt with 
almost round to irregular morphology, with variable dimensions and discernible at 
irregular intervals. These crypts present goblet cell openings and are often filled with 
drops of mucous secretions that normally do not protrude from the epithelial surface. 

Three morphologically distinct types of taste buds can be identified. The taste 
buds type I are dispersed and found mainly in the upper lip, upper and lower tooth 
bands, and upper and lower breathing valves. Often, the base of a papilla may be 
deeper than neighboring epithelial cells, and between them is an almost round area 
where the sensory cell terminals inside the papilla extend to the surface. Terminals 
are tightly grouped in this area. 

The type II taste buds are located particularly in the lower lip in the floor of the 
oral cavity and were also observed in the dorsal surface of the tongue and palate. 
However, there is no marked demarcation between the papillae epithelium and 
the surrounding epidermis. Type III taste buds do not protrude from the plane of 
neighboring epithelial cells. They are mainly seen in the squamous and cornified 
epithelium of the masticatory tract of the oral cavity and metabranchial area. This 
type is recognizable only as epithelial pores (Elsheikh et al. 2012). 


3. Gill arches and rakers 


Generally, the epithelial cells lining the buccal cavity have a circular profile in 
transverse section, being able to demonstrate wide intercellular spaces separating 
cells. The epithelial cells are connected directly through interdigitations similar to a 
zipper in some parts of their peripheral wall (Maina 2000). 

Each gill arch supports two rows of gill filaments and two rows of gill traces, 
as shown in Figure 1. The branchial arch I differs from the other arches in that its 
external tracks are longer, forming the border with the operculum. In the inner row of 
rakers, it has the same structure as arcs II and III and the outer row of raker IV. The 
IV arch differs in being much shorter, laterally widened, and the elongated internal 
tracks overlapping each other without, or very few, inter-raker spaces. The internal 
tracks of the branchial arch IV form the limit with the lower pharyngeal mandible 
(Nnorthcott and Beveridge 1988). 

All surfaces of the branchial arch and the tracks are covered by a squamous 
epithelium that has concentric surface micro-bridges and apparently without 
the crypts or openings for goblet cell secretion. In the branchial arches, small 
excrescences composed of 2-4 taste buds can be observed in smaller specimens. The 
anterior face of the arch is covered by rows of taste buds that connect the opposite 
tracks in the arch. As the fish develops, its gill traces become more prominent and 
with about 10-14 taste buds on each trail. 

Gills may also contain a rear section, called a keel and an anterior main face. 
This anterior main face of the arch is covered by rows of taste buds which, in their 
adult phase, can reach 40 mm in length, displaying a smooth, continuous keel with 
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the side of the gill arch. The two main edges of each gill raker show a single line of 
taste buds, where curiously their occurrence diminishes in fish arches larger than 40 
mm in length. A few small goblet cells are observed only in association with the keel. 

The center of the raker is filled with loose, vascularized connective tissue and 
contains a single gill element. The epithelium that covers the anterior face and sides 
of the branchial arch is considerably thinner, 8-12 um, and contains only small 
mucous cells and few taste buds (Zayed and Mohamed 2004). 
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Fig. 1. A — Side view of the gill arch of Nile tilapia, Oreochromis mossambicus: A1 — Gill 

rakers; A2 — Gill arch; A3 — Gill filaments. B — Gill arch cross section: B1 — Gill filament; 

B2 — Microbranchiospines. C — Detail of the gill rakers: C1 — Gill rakers; C2 — Bud tastes. 
Figure by Sílvio Teixeira da Costa. 


3.1. Gill rakers 


The gill rakers form a net to capture plankton and particles suspended in the water. 
The Nile tilapia can retain particles as small as bacteria (Beveridge et al. 1989) 
and cyanobacteria (38 um to 1.0 mm in diameter) using the gill rakers and mucus 
trapping. During pumps of the buccopharyngeal cavity in O. niloticus, most of the 
mucus (97%) either stayed in place on the gill arches or slid posteriorly along the 
arch surfaces (Sanderson et al. 1996). The occurrence of a brief reversal of flow (~80 
ms duration) from posterior to anterior in the oropharyngeal cavity prior to every 
feeding pump (250—500 ms duration) in O. aureus increases filtration performance 
by lifting most of the mucus and enhancing the back-migration of particles from 
the gill rakers to the bulk flow region, thus reducing particle accumulation that can 
clog the filter (Smith and Sanderson 2008). The flow of water carrying the plankton 
and particles is parallel to the gill rakers, directing these particles and mucus toward 
the esophagus, and only the filtered water passes perpendicular to the gill rakers 
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(Sanderson et al. 2001). However, O. esculentus does not use the gill rakers and 
mucus entrapment as a mechanism of particle retention (Goodrich et al. 2000). 


4. Esophagus 


The esophagus is a short, swollen, membranous muscle tube that connects the pharynx 
to the initial portion of the stomach (Awaad et al. 2014). Its shape is cylindrical and 
rectilinear along its entire length and is located dorsally to the rostral portion of the 
liver. 

In its histological organization, the esophagus is formed by the four concentric 
layers previously listed, and considered from the inside out: mucosa, submucosa, 
double-layered muscle (composed of internal longitudinal and external circular 
sublayers) and serous. The mucosa presents many longitudinal folds that extend 
along the esophageal tube along the entire length, giving the esophageal lumen a 
starry shape, contributing to its expansion capacity. These mucous folds are relatively 
thick and short and are represented by primary folds. They are lined with a squamous 
stratified epithelium composed of undifferentiated basal epithelial cells, followed by 
several layers of mucus-secreting cells superficially covered with 1-2 layers of low 
to flattened cuboidal cells (Ahsan-ul-Islam 1951). 

Mucosal secretory cells are rounded, elongated and recognized in the epithelial 
lining of the esophagus. These rounded cells, larger in size, are concentrated near 
the base of the epithelium, close to the secondary folds, and represent most mucus- 
secreting cells. These cells are smaller in size and present in the superficial part of 
the epithelium in the primary folds. Both cell types produce a mucopolysaccharide 
secretion and are recognized by periodic shiff acid (PAS). 

The mucus secreted by these cells can be attributed to the lack of salivary glands 
in fish and the mucin secreted by the esophageal epithelium acts as a compensation. 
In addition, mucin is important for the formation of a continuous lubricating 
blade along the entire esophageal wall, emulsifying food particles, favoring ionic 
absorption and protecting the esophageal mucosa against mechanical damage and 
microbial invasion (Albrecht et al. 2001). Likewise, mucous secretion participates 
in the enzymatic digestion of ingested foods and facilitates their transformation into 
chyme. Two types of mucus-secreting cells are observed in the esophageal mucosa, 
where two or more carbohydrate types can be produced. This secretory pattern 
oscillation may be due to different stages of maturation and/or age (Murray et al. 
1996). 

In the submucosa lamina propria, a dense and thick layer of intensely vascularized 
collagen fibers is observed below the epithelium. There is no mucosal muscle layer 
between these two sublayers. This connective aims to fill the nuclei of the mucosa 
and submucosa folds (Awaad et al. 2014). The muscular layer of the esophagus is 
composed of a thinner longitudinal inner layer and a thicker circular outer layer, both 
consisting of striated muscle fibers interconnected with loose connective tissue. The 
serous tunic is composed of two sublayers: sub-serous lamina, composed of richly 
vascularized loose connective; and serous lamina composed of the association of a 
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simple epithelium with connective tissue, also called mesothelium (Ahsan-ul-Islam 
1951, Awaad et al. 2014, Morrison and Wright 1999). 


5. Stomach 


Nile tilapia gastric morphology (Figure 2) reveals three anatomically distinct regions, 
topographically configuring a physical resemblance to the letter Y, where the arms 
correspond to the initial and terminal regions. Each communication with the main 
rod of the letter Y represents the blind sac of the middle region, gauging for separate 
openings. On microscopy, the stomach has four tunics or layers, like the digestive 
tract of the other vertebrate animals: a mucous tunic, submucosal tunic, muscular 
tunic and serous tunic. 

The mucous tunic is also discriminated in the initial, middle and terminal 
regions. Each of these has characteristics similar to those of the cardiac, fundic 
and pyloric regions found in the stomach of monogastric mammals (Caceci et al. 
1997, Morrison and Wright 1999). The stomach of this species is innervated by the 
vagal nerve (parasympathetic innervation), which arose from the medulla oblongata 
(Ohshimo and Uematsu 1996). 


5.1 Initial gastric segment 


The initial region, which is shaped by the junction with the esophagus, demonstrates 
an abrupt transition from the squamous epithelium to goblet cells of the esophagus 
to a simple columnar lining without goblet cells in the stomach. The mucosal surface 
in the initial region is smooth and devoid of gastric cavities or crypts. The epithelium 
of the initial portion is contiguous with that of the esophagus; however, its caudal 
portion merges with the superficial epithelium of the middle region, without a 
distinct demarcation line like Margo plicatus. This junctional zone is characterized 
by the presence of skeletal muscle fibers in the muscular tunic with invaginations 
of the superficial layer, where the mucous secretion epithelium is predominantly 
noticeable. This secretory epithelium, characterized in PAS stains, is observed as a 
set of cells contiguous to the columnar cells on the surface of these invaginations. It 
may take the form of simple glandular acini, invading the underlying lamina propria 
(Caceci et al. 1997). 

On the free surface of the coating, the apex of the cells is characterized by a 
brush border. The glands in the lamina propria of the initial region are lined with 
tall cubic epithelium and opened by ducts in the shallow part of the mucosa. The 
glandular cell cytoplasm is clear and vacuolated. The mucous tunic is separated 
from the submucosa by a reasonably developed muscular sublayer of the mucosa 
consisting of longitudinal filaments of smooth muscle fibers. 

The muscular tunic consists in part of striated muscle fibers contiguous with the 
striated fibers of the esophageal muscle tunic. Deep within the skeletal muscle layer, 
however, are two layers of smooth muscle fibers oriented in circular and longitudinal 
directions. 
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Fig. 2. Right lateral view of the viscera of the digestive system of Nile tilapia, Oreochromis 

niloticus: A — Stomach: esophageal portion; B — fundic portion; C — pyloric portion. D — Liver: 

left lobe (cranial); E — caudal lobe. Intestine: F — Gastric spiral loop. (Figure by Sílvio Teixeira 
da Costa). 


5.2. Gastric intermediate segment or blind sac 


The median region of the stomach or blind sac is larger than the initial and final 
regions ofthe gastric compartment. The lining is characterized by a simple cylindrical 
epithelium; however, in mucus-secreting areas, it becomes slightly more prominent. 
A denser excretion profile is observed in the first half of the middle region, that is, 
more adjacent to the junction with the initial region. The number and size of the 
mucus-secreting area reduces in the contour of the terminal region. The mucosal 
surface of the middle region shows recesses forming prominent gastric crypts similar 
to those observed in the fundic region of mammals. Khojasteh and Banan (2012) 
also noted that the tilapia stomach has secretion mechanisms for hormones such as 
ghrelin through diffuse neuroendocrine system (DNES) cells. 

The glands almost completely occupy the lamina propria in the mucous 
membrane. They are of simple tubular morphology and open over the overlying 
epithelium in the first half (near the initial region), but directly into the gastric grooves 
near the junction with the terminal region. These glands are lined with truncated cells 
with acidophilic cytoplasm that show no alcianophilic or PAS-positive reaction, but 
the basal lamina and some cervical mucous cells are PAS-positive. Significant blood 
capillaries are visualized on the lamina propria of this region. 

In the muscular tunic, there is an abrupt transition between striated and smooth 
mixed muscle fibers visualized in the initial region to a completely smooth muscle 
layer and organized into inner circular and longitudinal outer sublayers. 


5.3. Final gastric segment 


The terminal region is shorter and joins directly to the intestine. Softer folds and 
absence of gastric crypts are observed in the mucous membrane of the cranial part 
of this region. The lamina propria of the mucosa is more relevant than in the other 
two stomach regions and shows positive alcianophilic glands and PAS. The lining 
is typical and continuous to that found on the entire surface of the gastric mucosa, 
showing some goblet cells in their area of connection to the duodenum. The muscular 
tunic in the terminal region, as presented in the initial region, contains smooth and 
striated mixed muscle fibers. The submucosal tunic is unique throughout the length 
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of the stomach and forms the nucleus of the gastric folds, composed of highly 
vascularized loose connective tissue, lymphatic vessels and nerves (Al-Hussaini 
1949, Khojasteh and Banan 2012). 


6. Intestine 


The intestinal tract of Nile tilapia (Figure 2) follows a complex course that involves 
several turns and spirals arranged in an as yet undescribed form. From the cranial 
to the caudal portion, five regions are identified and designated as: hepatic loop, 
the proximal main spiral loop, the gastric loop, the distal main spiral loop, and the 
terminal segment (Smith et al. 2000). 

The ileorectal valve of Nile tilapia is coarse and can measure up to 7 cm in a 32- 
35 cm specimen. It has a circular muscle ring, with a thickening of the inner circular 
layer, forming the rectum. Histologically, the rectum is quite similar to the midgut 
of other teleosts, with vacuolated rectal epithelial cells (Morrison and Wright 1999). 

The mucous tunic usually consists of an epithelium that covers a loose connective 
tissue layer, also called lamina propria, vascularized and that presents nerves and 
leukocytes. The lamina propria may have a compact layer of dense connective tissue. 
This connective stratum with dense collagen layers acts to strengthen and preserve 
the intestinal wall. A marked presence of granular eosinophilic cells can also be 
noted in the lamina propria, as found in the intestine of many other species. These 
cells correspond to mammalian mast cells and have been widely described in mucous 
membranes of numerous tissues such as intestines, gills and skin. Below the lamina 
propria, a delicate and discrete mucous muscle sublayer is observed (Sklan et al. 
2004, Smith et al. 2000, Khojasteh and Banan 2012). 

The three sublayers of the mucous membrane are supported by a typical 
connective tissue submucosa, which has less cellularity than the lamina propria and 
contains blood vessels, an extensive network of lymphatic tissue, and nerve plexuses. 

The lining of the intestinal mucosa is formed by a simple prismatic epithelium, 
accompanying the folds called intestinal villi. The villus is relatively narrow and 
dense in the hepatic loop; however, distal villi become wider and fewer villi are 
present per unit area. The number of villi in the terminal segment is approximately 
50% of that observed near the hepatic loop and many of the villi are branched and 
with different statures (Sklan et al. 2004). 

Histological treatment with special stains to indicate mitotic proliferation 
demonstrates that structures like Lieberkühn crypts are not observed, and that 
proliferative activity of enterocytes is concentrated in the intervillous region and the 
lower third ofthe villi in all intestinal segments. Scarce proliferative cells are observed 
in the upper portion of the villi of the entire intestinal tract. The use of stains such as 
PAS (mucopolysaccharides) and alcian blue (mucoproteins) demonstrate that mucus- 
secreting cells and mucoproteins, respectively, are located along the entire villus of 
the proximal small intestine. Thus, an increasing number of mucin-containing cells 
are visualized in the upper portion of the villi, and in the distal segments of the small 
intestine. Chalice-like mucous cells, lymphocytes, and enteroendocrine cells are 
scattered throughout the epithelium, and rodlet cells are also found in some teleost 
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fish species, as well as in Nile tilapia (Khojasteh and Banan 2012, Sklan et al. 2004, 
Smith et al. 2000). 


* Enterocytes (absorptive columnar cells): They are usually tall and narrow, with 
elongated nuclei with central-basal polarization, mitochondria located in the 
apical and basal regions, a well-developed brush border and lamellar structures 
running parallel to the lateral plasma membrane. It should be noted that among 
unitary complexes, they generally do not verify the presence of interdigitations as 
seen between mammalian enterocytes. The brush edge contributes more than 90% 
to the total intestinal surface area and forms the digestive / absorptive interface 
with a functional microenvironment where enzymes involved in further food 
breakdown are located and where nutrient absorption and transport are present. A 
considerable number of enzymes such as alkaline phosphatase, disaccharidases, 
leucine aminopeptidase and tri- and dipeptidases are located on the brush edge 
membrane. The presence of these enzymes is demonstrated by enzymatic and 
immunohistochemical histochemical analysis. It is also demonstrated that the 
brush border condition, especially the size of the microvilli in the enterocytes, 
can vary significantly, denoting a close relationship between eating habits and 
the brush border structure of the enterocytes. The quantitative characteristic 
of the brush border is certainly dependent on the location of the enterocyte in 
different parts of the fish gut. In all, there is a fundamental similarity between the 
ultrastructure of the intestinal epithelium in blue tilapia, Oreochromis aureus, and 
other vertebrates (Frierson and Foltz 2004). 

* Goblet cells: These cells are important elements in the postgastric mucosal 
lining and constitute the predominant mucous cell type in the gut of tilapia. 
Their nucleus has center-basal polarization and their cytoplasm widens and then 
contracts from an apical pore through which mucus is secreted. In transmission 
electron microscopy, mucin-containing secretion granules fill most cells, with 
varying sizes and occupying almost the entire cytoplasm apical center of the 
cells. The neutral secretions produced are usually sulfates and sialomucins that 
contain sialic acid. Acid mucous secretions are produced by carboxylated and 
sulfated muconconjugates. This secretion lubricates the ingested, undigested 
contents for peristaltic progression to the rectum and has a possible participation 
in osmoregulatory events (Khojasteh and Banan 2012). An increased number of 
goblet cells in the rectum may mean the need for greater mucosal protection and 
lubrication for fecal expulsion. The mucus produced by the goblet cells is known 
to protect the mucosa of the digestive tract. The sialic acid in the mucus still has 
an antimicrobial effect because it interferes with virus detection of the receptor 
and protects the mucosa against bacterial sialidase (Murray et al. 1996). 

* Diffuse Neuroendocrine System (DNES): Gastrointestinal endocrine cells are 
distributed in the mucosa of the gastrointestinal tract, synthesizing numerous 
types of gastrointestinal peptides or hormones. These cells act in the regulation 
of the physiological functions of the digestive tract and are observed by 
immunohistochemical analysis of the gastrointestinal tract mucosa and throughout 
the digestive system epithelium. They constitute the gastroenteropancreatic 
endocrine system (GEP) with the pancreas (Didinen et al. 2011). 
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The secretion of many endocrine cells of the gastrointestinal tract regulate 
digestion in tilapia. These chemicals (peptides and/or amines) are detected in the 
epithelial lining, glands, various connective tissues, nerve ganglia and intermuscular 
nervous plexus. The secretion of these peptides ensures mobility as well as the 
proper functioning of the nervous system, regulation of secretion through cellular 
interaction, cell proliferation and regulation of intestinal epithelium and contraction 
of smooth muscles (Holmgren and Olsson 2009). 


* Rodlet cells: Mature Rodlet cells have an ovoid morphology, a polarized nucleus 
at the base, and are characterized by the presence of large rod-shaped cytoplasmic 
granules, from which they derive their name (Reite and Evensen 2006). They have 
functions related to pH regulation and control, participation in osmoregulatory 
events, as secretory cells observing antimicrobial effects, as units of transport 
of genetic material, and nonspecific immune cells. In tilapia, they are seen as an 
important presence in the intestinal lining as well as in the specialized parenchyma 
of the liver and pancreas (Manera and Dezfuli 2004). 


7. Extramural organs of the digestive system 


7.1. Hepatopancreas 


The liver of Nile tilapia is large, showing only two lobes (Figure 3). The largest of 
them, the left lobe, spreads through most of the body cavity, marking the impression 
of the intestine on its visceral face. The liver is surrounded by a thin connective tissue 
capsule and has been shown to be cordonal, with hepatocytes arranged in almost 
linear arrangements from a central vein, similar to that found in several teleosts. The 
hepatic parenchyma consists of hepatocytes scattered in anastomosed arrangements 
arranged in pairs of cell layers, surrounded by sinusoid capillaries. The connective 
edges of the hepatic lobes do not appear clearly defined, as few triads are found in 
the liver, showing an absence of compartmentalization in the form of hepatic lobules, 
compromising the appearance of portal triads. This pattern is not unique to tilapia 
and is found in many other teleost species (Coimbra et al. 2007, Mori et al. 2019). 


Fig. 3. Left lateral view of the viscera of the digestive system of Nile tilapia, Orechromis 
niloticus: A — Left lobe of the liver; B — Gall bladder; C — Posterior lobe of the liver; D — 
Visceral face of stomach; E — Gastric spiral loop. Figure by Sílvio Teixeira da Costa. 
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The bile ducts are usually found near the portal vein and exhibit a lining 
consisting of a simple cubic epithelium. A concentric layer of collagen and muscle 
fibers is observed under this epithelium. 

Microscopy allows the identification of organized exocrine pancreatic tissue in 
the parenchymal mass of the liver (Figure 4). This pattern is given by its acinar 
arrangement as well as its diffuse distribution in the liver parenchyma. Intrahepatic 
exocrine pancreatic tissue Is separated from the hepatocyte cords by a thin connective 
tissue septum, with pancreatic cells centered around the portal veins. The nuclei of 
these cells are also spherical and observed in cells of cuboid to cylindrical height 
characterizing the organ as a hepatopancreas (Nel et al. 1990). 


Fig. 4. Liver histology of Nile tilapia, Orechromis niloticus. A — Lobular center vein; B — 
Sinusoid capillary; C — Exocrine pancreas (accino). (Micrograph courtesy of Marcelo Leite da 
Veiga, Department of Morphology, UFSM) 


Exocrine pancreatic cells are ultrastructurally characterized by the presence of 
secretion granules positioned at the apex of the cell, showing a well-developed rough 
endoplasmic reticulum with tubular-vesicular characteristics in circular arrangement 
in appearance. The gall bladder is well developed, demonstrating a rounded shape 
with right ventral-lateral positioning to the cranial and largest portion of the liver 
(Vicentini et al. 2009). 


8. pH of gastrointestinal tract 


The stomach content of Nile tilapia caught in the wild became more acidic towards 
the afternoon and most of the evening, when the amount of food in the stomach 
increases. The estimated stomach emptying was 0.36%/h (Getachew 1989). The 
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lowest stomach pH, 1.54 in Mozambique tilapia (O. mossambicus) and 1.58 in 
Tilapia rendalli maintained in tanks and fed commercial diet, was observed around 
12 h after feeding. The pH in the intestine of these species is slightly alkaline — 
proximal intestine: 7.0-8.0, distal intestine: 7.0-8.8 (Hlophe et al. 2014). 


9. Digestive enzymes activity 


Nile tilapia fed ad libitum showed higher pepsin-like activity in the stomach after noon 
up to 1 a.m., while in the intestine trypsin activity increased gradually from noon to 
3 a.m. The activity of alkaline protease, amylase, chymotrypsin and lipase increased 
gradually from 4-5 p.m. to 3-5 a.m., as pepsin, but amylase activity decreased 
slightly after 4 h and further at midnight (Montoya-Mejía et al. 2016). The specific 
activities of amylase, lipase, total proteases, and trypsin of sex-reversed Nile tilapia 
were not affected by different feeding frequencies (one meal at 0600 h, two meals — 6 
a.m. and noon or 6 a.m. and 6 p.m. — and three meals daily) (Thongprajukaew et al. 
2017). Activity of acid protease and amylase also did not differ between Nile tilapia 
fed once a day at 11 a.m. or 11 p.m., but alkaline protease activity in the middle 
intestine showed daily rhythm with the achrophase at the beginning of the dark phase 
in both groups (Guerra-Santos et al. 2017). Digestive enzyme activities were also 
not affected in Nile tilapia maintained in in-pond raceways and at three different 
stocking densities: 0.28, 0.57 and 0.85 kg/m? (Wang et al. 2019). 

The activity of y-glutamyl transpeptidase and the disaccharidases maltase and 
sucrose activities were the highest in the mid-intestine of the hybrid O. niloticusxO. 
aureus, but alkaline phosphatase activity decreased from the proximal to the distal 
portion (Harpaz and Uni 1999). Amylase and the disaccharidase maltase activities 
in the intestine of Nile tilapia were not affected by different carbohydrates sources 
(wheat bran, cassava residue, ground corn, and broken rice) (Gominho-Rosa et al. 
2015). Hybrids O. mossambicus x O. aureus that consumed a diet with 48% crude 
protein (CP) showed higher activity of maltase and lower activity of the proteolytic 
enzyme y-glutamyl transpeptidase in the intestine compared to those that consumed 
a diet with 30% CP. The activity of alkaline phosphatase was higher in the proximal 
compared with distal intestinal section, and leucine amino peptidase was constant 
through the intestine and was not affected by protein levels in the diet (Hakim et 
al. 2006). Nile tilapia raised in a biofloc system showed higher amylase and lipase 
activities than those raised in clear water (Long et al. 2015). The activity of pepsine 
and trypsine increased and chymotrypsin decreased with the increase of dietary 
digestible protein (22 to 3096) in Nile tilapia raised in brackish (10 ppt) biofloc 
system (Durigon et al. 2019). 

Amylase and lipase activities were also observed in the stomach of Mozambique 
tilapia and T. rendalli, as well as a low cellulase activity in the stomach and distal 
intestine of T. rendalli. Amylase and lipase activities in both species were higher 
in the proximal intestine, while protease activity was higher in the distal intestine 
(Hlophe et al. 2014). The cellulolytic activity in the intestine of Mozambique tilapia 
is due to the bacteria Bacillus circulans and Bacillus megaterium (Saha et al. 2006). 
Nile tilapia fed a diet containing 15% fish silage meal presented higher intestinal 
protease, trypsin, chymotrypsin, amylase and lipase activities than those fed with 
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the same percentage of bovine blood meal or several vegetable products (Montoya- 
Mejía et al. 2017). Alkaline phosphatase was detected in the intestine of Nile tilapia 
(Hassaan et al. 2019). The intestinal brush border membrane of the hybrid tilapia (O. 
niloticusxO. aureus) has a low concentration of an enzyme capable of hydrolyzing 
phytic acid, and despite its low substrate affinity, it probably allows the effective use 
of phytate phosphorus by this hybrid (Lavorgna et al. 2003). 


10. Nutrient transporters 


Nile tilapia intestine presents a homogeneous expression of the Na*-glucose 
cotransporter 1 (SGLT1, gene SLC5A1) and Na*-myoinositol cotransporter 2 (SMIT2, 
gene SLCSA11) through its extension (Subramaniam et al. 2019). The expression of 
SGLT1 and facilitated glucose transporter 2 (GLUT2) increased during 1-3 h post 
feeding in GIFT Nile tilapia, decreased at 8 h post feeding and then returned to the 
levels observed in fasted (36 h) fish. These results indicated that intestinal uptake 
of glucose and its transport across the intestine to blood mainly occurred during 
1-3 h post feeding (Chen et al. 2017). The insulin-responsive glucose transporter 4 
(GLUT4) was also found in the intestine of this species (Li et al. 2019), but authors 
did not discuss its function in this organ. 

Neutral or cationic amino acids are transported through the apical membrane 
(brush border membrane) of the enterocytes by the BAT system (SLC7A9 and 
SLC3A1 genes) a Na*-independent transporter. Neutral amino acids are also 
transported by the B°AT system (SLC6A19 and SLC6A18 genes), Na*-dependent 
transporters. The expression of the gene SLC6A19 has higher activity in the proximal 
and middle intestine (Nitzan et al. 2017), while SLC6A18 was mainly expressed 
in the middle and posterior intestine of Mozambique tilapia (Orozco et al. 2018). 
The expression of the SLC6A19 gene was not affected by salinity exposure despite 
being a Na*-dependent transporter. In contrast, the expression of the SLC7A9 gene 
of the Na*-independent transporter BAT transporter increased with the increase of 
salinity, while the expression of the SLC3A1 gene decreased (Nitzan et al. 2017). 

Peptides are transported through the apical membrane to the cytoplasm of 
enterocytes and hydrolyzed into free amino acids. There are two peptide transporters 
from the solute carrier 15 (SLC15) family (Verri et al. 2017), and they use the H* 
gradient at the apical membrane of enterocytes to mediate the absorption of small 
peptides, i.e. the uptake of peptides is coupled with H* entrance (Con et al. 2017, 
Wang et al. 2017). The peptide transporter 1 has two variants (PepT1a and PePTIb) 
(Con et al. 2017) that are high-capacity, low-affinity transporters whose expression 
decreased from proximal to distal intestine and the main carriers for the uptake of 
dietary peptides (Wang et al. 2017). Unexpectedly, because the driving force of 
PePT is the proton gradient, in Mozambique tilapia maximum activity was observed 
when PepT1 was exposed to alkaline pH, as found in the intestine. Probably this 
pH-dependent increase was due to an increase in the transporter capacity, while its 
affinity decreased (Con et al. 2017). In Mozambique tilapia submitted to short-term 
fasting, PePT1 expression did not change or even increased, but a down-regulation 
occurred with long-term food deprivation. The PePT1 expression increases following 
re-feeding, usually surpassing the levels of control group (Orozco et al. 2017). The 
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peptide transporter 2 (PepT2) is a low-capacity, high-affinity transporter (Wang et al. 
2017), found mainly in the medium and distal intestine, where it can absorb small 
peptides at lower substrate concentrations than the proximal intestine (Con et al. 
2017). In Mozambique tilapia adapted to seawater, the expression of both PePTI 
and PePT2 transporters shift to the distal portion of the intestine. Consequently, a 
more uniform dispersion of transporters’ expression along the intestine was seen in 
seawater compared to the gradual decline verified in freshwater (Con et al. 2017). 
Dietary addition of 5% NaCl also increased the expression of PepT1a, PePT1b and 
PePT2 in the intestine of Nile tilapia (Hallali et al. 2018). 
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1. Introduction 


Tilapia is one of the most valuable species of freshwater fish with a high impact 
economically and socially in many tropical and subtropical areas (FAO 2016). 
Currently, tilapia culture is mitigated by variable production in earth ponds, cages, 
circular tanks, raceways and biofloc systems. The continuous expansion of the tilapia 
industry has demanded an increasing need for more sustainable and economical 
practices, to identify alternative ingredients, and increase the nutritional value of 
aquafeeds. Over the last decade, a consistent number of research has been focused 
on the use of exogenous enzymes (Hassaan et al. 2019, Li et al. 2019a, Maas et al. 
2019), prebiotics (Boonanuntanasarn et al. 2018b, Hamdan et al. 2016, Levy-Pereira 
et al. 2018, Van Doan et al. 2018b), probiotics (Abou-El-Atta et al. 2019, Nguyen et 
al. 2019a, Tan et al. 2019), essential oils (Vicente et al. 2019) and organic minerals 
(Nguyen et al. 2019a) in tilapia aquafeeds. Effects of prebiotics and probiotics 
improve growth performance, immune status, impact on gut health (Dawood et al. 
2019, Elsabagh et al. 2018) and microbiota (Hassaan et al. 2018, Tan et al. 2019). 
Fatty acid profile and sensory properties of the meat have been assessed to meet 
the demands of consumers' preferences. Globally, environmental issues continue to 
be a challenge, and water quality concerns have focused on reducing nitrogen and 
phosphorus excretions. The aim of this review is to update information on recent 
advances in tilapia nutrition, including dietary requirements and a wide variety 
of effects of prebiotics, probiotics, fatty acids, vitamins, and minerals on nutrient 
utilization, gut health and microbiota diversity. Additionally, recent developments in 
genomics and the use of insect meal and essential oils have also led to tilapia nutrition 
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advances; therefore, consideration for growth and reproductive performance, health 
status, and meat quality will be highlighted. 


2. Dietary requirements 


Nutrient requirements of tilapias were updated in the last decade and are summarized 
in Tables 1-5. 


Table 1. Daily maintenance energy and protein requirements of tilapias! 


Author Equation” Application” 
Energy 

Trung et al. 2011 25.9 kJ x BW980 Pre-growout 
Saravanan et al. 2013 57 kJ x BWº$ Growout 
Schrama et al. 2018 56 to 89 kJ x BW?5 Growout 
Lupatsch et al. 2010 59.46 kJ x BW°80 Breeder, female 
Protein 

Trung et al. 2011 0.45 g x BW(kg)^*? Pre-growout 
Lupatsch et al. 2010 0.98 g x BW(kg)?7? Breeder, female 


! Fish size classes: as nursery, 1 to 30 g of body weight; pre-growout, 30 to 220 g of body 
weight; and growout, 2220 g body weight (Chowdhury et al. 2013). 
* BW, body weight as kg. 


Tilapias are unable to meet maintenance requirements by filter-feeding plankton 
biomass (Dempster et al. 1995), and an artificial, well-balanced diet must be supplied 
to maximize performance and the health ofthe fish. Nutrient requirements are defined 
by the amount of nutrients that tilapia requires for maintenance, growth, reproduction, 
and health. Dietary requirements are determined for individual and recommendations 
for a population of fish. Tilapia requirements are described for carbohydrates, 
proteins (and amino acids), fats, minerals and vitamins. In addition to nutrients, 
dietary energy requirements are available in the literature. Recommendations are 
often determined as the requirements of an average animal in the population and 
are affected by several factors such as environmental temperature, stocking density, 
genetics and gender, health status, feeding management, and diet composition. 

The energy and protein values of feeds and requirements are mainly expressed 
as the content of digestibles, while amino acids and minerals may be expressed as 
available values determined in tilapias. The energy and nutrients excreted in feces are 
measured by the total collection of feces in a conventional modified Guelph system 
by collecting samples using the marker technique. In recent years, there have been 
improvements in the apparent digestibility coefficients of energy, protein, amino 
acids (Davies et al. 2011, Vidal et al. 2017, 2015), and minerals (Guimarães et al. 
2012, Moura et al. 2018), by utilizing common feed ingredients frequently used in 
commercial tilapia diets. 

Protein and energy are the first nutritional requirements that should be considered 
when formulating aquafeeds, and they represent the most expensive and impacting 


Current Improvements in Tilapia Nutrition 69 


Table 2. Dietary energy, protein and linolenic acid requirements of tilapias 
(Dry matter basis) 


Author Value Application! 
Digestible energy, MJ/kg 

Koch et al. 2017 12.6 Growout? 

Orlando et al. 2017 15.1 Broodstock, female 
Crude protein, g/kg 

Silva et al. 2019 420 Sex-reversal 11 to 20 d) 
Silva et al. 2019 360 Sex-reversal(21 to 30 d) 
Fernandes Junior et al. 2016? 350 Growout? 

Liu et al. 2017aº 293 Growout* 

El-Sayed and Kawanna 20084 400 Broodstock 

Pereira et al. 2019° 320 Broodstock 

Lipids and fatty acids, g/kg 

Lipids 

Lim et al. 2011b 50-120 Nursey to growout 
Linolenic acid, g/kg 

Chen et al. 20135 4.5 to 6.4 Pre-growout 

Nobrega et al., 20177 7.0 Nursey to pre-growout 
Linoleic acid 

Li et al. 2013 11.4 Nursey 


! Fish size classes: sex-reversal. From birth to 0.4 g of body weight (FAO 2019) as nursery, 1 
to 30 g of body weight; pre-growout, 30 to 220 g of body weight; and grow out >220 g body 
weight (Chowdhury et al. 2013). 

? Nile tilapia reared in floating net cages placed in a reservoir considering body weight 

gain and fillet and fed diets containing 300 g/kg of digestible protein and 13.4 kcal/kg of 

digestible energy. 

3 Nile tilapia reared in cages placed in earth ponds with fertilized freshwater considering body 

weight gain as criteria response and fed diets containing 18.7 MJ/kg of gross energy. 

Nile tilapia placed in recycling system and fed diet containing 16.7 kcal/kg of gross energy. 

Nile tilapia placed in earth ponds and fed diets containing 14.6 kcal/kg of digestible energy. 

Nile tilapia reared under optimal temperature. 

Nile tilapia reared under sub-optimal temperature. 


Yan t€ BR 


factors on the growth and reproductive performance (NRC 2011). Regardless 
of omnivorous food habits, high dietary carbohydrate has been associated with 
glucose intolerance in Nile tilapia, Oreochromis niloticus, suggesting that moderate 
dietary carbohydrate levels may be considered to improve the glucose tolerance 
(Boonanuntanasarn et al. 20182, Liu et al. 2018). One way to overcome this problem 
involves the use of 6.1:1 carbohydrate to lipids ratio to optimize growth performance 
of grow-out Nile tilapia (Coutinho et al. 2018). In this context, lipids have been 
recommended in tilapia diets at 60 to 120 g/kg (Lim et al. 2011b). 

Based on body weight (kg), a bioenergetic factorial modelling approach, the daily 
dietary energy (25.9 kJ BW°*° at 28 °C) and protein requirements (0.45 g BW°®°) 
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Table 3. Dietary amino acids requirements of tilapias (Dry matter basis) 
Author Amino acid g/kg % Protein Application! 
Neu 2016) Arginine 13.6 4.8 Pre-growout 
Michelato et al. 2016c Histidine 8.2 3.1 Pre-growout 
Santiago and Lovell 1988 Isoleucine 8.3 3.1 Nursey 
Gan et al. 2016 Leucine 12:5 4.3 Nursey 
Michelato et al. 2016b Lysine 146 58 Growout 
Nguyen and Davis 2009 Methionine 8.1? 2.9 Nursey 
Xiao et al. 2019 Phenylalanine 8.83 3.0 Nursey to pre-growout 
Michelato et al. 2016a Threonine 11.5 4.0 Growout 
Nguyen et al. 2019b Tryptophan 3.1 1.0 Nursey to pre-growout 
Xiao et al. 2018 Valine 11.5 4.1 Nursey to growout 


' Fish size classified according to previously established as nursery, | to 30 g of body weight; 
pre-growout, 30 to 220 g of body weight; and growout >220 g of body weight (Chowdhury 


et al. 2013). 
? Dietary cysteine at 0.4 g/kg of diet. 
? Dietary tyrosine 9.8 g/kg of diet. 


Table 4. Minerals requirements of tilapias (Dry matter basis) 


Author Mineral Unit Value Application! 
Shiau and Tseng 2007 Calcium g/kg 3.5? Nursey 
Robinson et al. 1987 Calcium g/kg 8.0º Nursey 

Yao et al. 2014 Phosphorus g/kg 8.6* Pre-growout 
Carvalho et al. 2018 Phosphorus g/kg 6.5* Broodstock 
Shiau and Ning 2003 Copper mg/kg 4 Nursey 
Shiau and Su 2003 Tron mg/kg 85-160 Nursey 

Lin et al. 2013 Magnesium mg/kg 0.25 Nursey 

Lin et al. 2008 Manganese mg/kg 7 Nursey 
Shiau and Hsieh 2001 Potassium g/kg 2-3 Nursey 

Lee etal. 2016 Selenium mg/kg | »1.06and «2.06 Nursey 
Shiau and Lu 2004 Sodium g/kg 1.56 Growout 
Huang et al. 2015 Zinc mg/kg | 37.27 Growout 


! Fish size classified according to previously established (Chowdhury et al. 2013) as nursery, 
1 to 30 g of body weight; pre-growout, 30 to 220 g of body weight; and growout 7220 g of 


body weight. 


> Calcium concentration in the water at 27.1—33.3 mg/L. 


? Fish reared in calcium-free water 
* Based on available phosphorus values. 


5 Fish reared in freshwater, and tilapia reared in seawater requires 0.02 mg/kg of magnesium. 
é Fish reared in freshwater, and no dietary Na is required for tilapia reared in seawater. 
7 Zinc supplemented as zinc sulfate (ZnSO,:7H,0) in purified casein-gelatin-dextrin. based 


diet. 
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Table 5. Dietary vitamins requirements of tilapias (Dry matter basis) 


Author Vitamin Unit Value Application! 
Guimarães et al. 2014 A IU/kg 3910 Nursey to pre-growout 
Shiau and Hwang 1993 D IU/kg 375 Nursey 
Shiau and Shiau 2001 E IU/kg 50to 120 Nursey 
Lim et al. 2011a B, mg/kg 35 Nursey to pre-growout 
Lim et al. 1993 B, mg/kg > Nursey to pre-growout 
Jiang et al. 2014 B, mg/kg 20.4 Pre-growout to growout 
Roem et al. 1991 B; mg/kg 10 Nursey 
Teixeira et al. 2011 B, mg/kg 10 Nursey to pre-growout 
Shiau and Chin 1999 B; mg/kg 0.06 Nursey 
Wu et al. 2016 B, mg/kg 0.4 Pre-growout to growout 
Lovell and Limsuwan 1982 By NR? Nursey 
Soliman et al. 1994 C mg/kg 420 Nursey 
Huang et al. 2016 C mg/kg 115? Pre-growout to growout 
Barros et al. 2015 C mg/kg 600+ Nursey 
Sarmento et al. 2018 C mg/kg | 599to 942  Broodstock 
Baldisserato et al. 2019 Choline mg/kg 800 to 1,200 Nursey 
Shiau and Su 2005 Inositol mg/kg 400 Nursey 


! Fish size classified according to previously established as nursery, 1 to 30 g of body weight; 
pre-growout, 30 to 220 g of body weight; and growout, 7220 g of body weight (Chowdhury 
et al. 2013). 

? Not required 

? Based on maximum growth 

4 Fish subjected to cold-induced stress or bacterial challenge 


have been established for Nile tilapia fingerling-juvenile (Trung et al. 2011). The 
daily dietary methionine and lysine requirements for maintenance were estimated 
at 16.5 mg BW?" and 68.8 mg BWº”, respectively, for adult Nile tilapia (He et al. 
2013). In recent years, protein (Fernandes Junior et al. 2016), lysine (Michelato et al. 
2016b), methionine and threonine (Michelato et al. 2016a) requirements have been 
considered to optimize fillet yield beyond growth and feed efficiency of Nile tilapia. 
The dietary digestible energy requirement for maintenance of female Nile tilapia 
breeder to optimize egg production has been found to be 59.46 kJ BW°*° per day, 
while digestible protein requirement has been established at 0.98 g BWº7º per day, 
where BW is the body weight of fish in kg (Lupatsch et al. 2010). 

The roles of non-essential amino acids on growth performance have been focused 
on glutamine and/or arginine supplementation (Pereira et al. 2017). Likewise, dietary 
cysteine and tyrosine were found as important amino acids affecting skin color, by 
affecting the melanin synthesis in the red tilapia (Wang et al. 2018). In addition, 
taurine has been found to enhance growth and metabolic responses of larvae (Al- 
Feky et al. 2016) and juveniles (Michelato et al. 2018), also as important amino 


72 Biology and Aquaculture of Tilapia 


acids affecting reproductive performance of Nile tilapia bloodstock fed soybean 
meal-based diet (Al-Feky et al. 2014). 

Different from energy, protein and amino acids, few studies have been carried out 
to update the nutritional requirements of minerals and vitamins for tilapias. However, 
dietary phosphorus for broodstock (Carvalho et al. 2018)and juveniles (Yao et al. 
2014), and zinc (Huang et al. 2015), magnesium (Lin et al. 2013) and selenium 
(Lee et al. 2016) were recently established. Similarly, vitamin C requirements for 
broodstock (Sarmento et al. 2016) and pre-growout to growout fish were determined 
(Barros et al. 2015, Huang et al. 2016). In the same way, new data on vitamin A 
(Guimarães et al. 2014), vitamin B1 (Lim et al. 2011a) and vitamin B3 (Jiang et 
al. 2014), vitamin B6 (Teixeira et al. 2011) and vitamin B9 (Wu et al. 2016) were 
determined. For minerals, most studies have reported higher availability of organic 
rather than inorganic sources (Nguyen et al. 20192). To date, nano forms of minerals 
have been recently evaluated in tilapia diets because of high availability and low 
toxicity (Dawood et al. 2020). Recently, the dietary optimum requirement of dietary 
linolenic acid for juvenile Nile tilapia reared under optimal temperature was found to 
be 4.5 to 6.4 g/kg (Chen et al. 2013). In addition, the dietary requirement of linolenic 
acid was updated—for juvenile Nile tilapia reared at sub-optimal temperature it was 
found to be 7.0 g/kg (Nobrega et al. 2017). 


3. Broodstock nutrition 


Nile tilapia is a continuous spawner throughout the year with short vitellogenetic 
periods, which makes it possible to improve spawning quality by modification of the 
nutritional quality of broodstock diets (Izquierdo et al. 2001). Broodstock diet may 
influence the maturation process of the gametes and energy storage in the form of the 
yolk (Mafianos et al. 2008), composed primarily of lipids and protein, wherein the 
dietary oil sources may influence fecundity (El-Sayed et al. 2005), and the protein 
may influence the tilapia spawning performance (El-Sayed and Kawanna 2008). 
Broodstock nutrition is a quickly emerging yet controversial area of study 
because of its complex experimental conditions, particularly considering factors 
such as fish age, species, feed composition, breeding system, and reproductive 
management techniques (Bombardelli et al. 2017). Recent studies have indicated 
that tilapia broodstock require 300 to 400 g/kg of crude protein and 15 to 17 MJ/kg of 
digestible energy in the diet for optimized reproductive performance and hatchability 
(El-Sayed and Kawanna 2008, Oliveira et al. 2014, Orlando et al. 2017). 
Furthermore, it is well known that dietary fatty acids markedly affect the 
reproductive performance of fish. Tilapia broodstock fed dietary soybean oil (high 
n-6 PUFA) or crude palm oil revealed an improvement in reproductive performance, 
compared to fish fed dietary fish oil (high in n-3 LC-PUFA) or linseed oil (Ng and 
Wang 2011). However, bloodstock reared at different water salinities require a source 
of dietary n-3-HUFA to enhance spawning performance, while it is not required 
for broodstock reared in freshwater (El-Sayed et al. 2005). Regarding the mineral 
nutrition of broodstock, the dietary requirements of available phosphorus was found 
to be 6.5 g/kg to enhance spawning performance and bone mineralization of female 
Nile tilapia (Carvalho et al. 2018). A number of questions regarding broodstock 
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nutrition remains to be addressed. A more systematic research is required to explain 
the effects of additives and functional foods on reproductive performance. 


4. Prebiotics, probiotics and microbiota 


Tilapias are raised in a complex ecosystem where the microorganisms in the sediments, 
in the animal intestinal tract, and in the water interact with one another to influence 
the water quality and health of the fish (Fan et al. 2017). There is a growing interest in 
immunostimulatory feed supplements in global Tilapia aquaculture. Prebiotics and 
probiotics have been emerging as alternatives to substitute antibiotics and as an eco- 
friendly nutritional strategy to improve health and immunity, targeting synergistic 
enhancements in fish performance (Nayak 2010). In tilapias, probiotics have been 
shown to promote growth, stimulate the immune system and protect the host from 
diseases (Abou-El-Atta et al. 2019, Hamdan et al. 2016, Makled et al. 2019, Van 
Doan et al. 2018), modulate the intestinal histomorphology (Dawood et al. 2019, 
Elsabagh et al. 2018) and gastrointestinal ecosystem (Ferguson et al. 2010, Standen 
et al. 2015, Tan et al. 2019). Therefore, probiotics provide a potential alternative 
strategy to overcome adverse effects of in-feed antibiotics and drugs (Nayak 2010). 
However, factors like source, dose and duration of supplementation of probiotics 
may be considered to optimize the immunomodulatory effects (Hai 2015). 

The synergistic effect of dietary probiotic Lactobacillus plantarum and whey 
protein concentrate on growth performance, antioxidant, immunity response and 
susceptibility to Aeromonassobria infection has been demonstrated in Nile tilapia 
(Abou-El-Atta et al. 2019). The combination of malic acid with Bacillus subtilis 
has revealed beneficial effects on growth, innate immunity and on gut health of Nile 
tilapia (Hassaan et al. 2018). In addition, in-diet mixture of Bacillus subtilis, Bacillus 
licheniformis, and Bacillus pumilus has confirmed beneficial effects on water 
quality, growth performance and intestinal morphology (Elsabagh et al. 2018), while 
probiotics used as water additive was demonstrated to improve growth and immune 
status of Nile tilapia (Zhou et al. 2010). 

Prebiotics have been described as a functional additive, mainly focusing 
on benefits on growth performance, feed efficiency, digestive enzyme activities, 
health status, disease resistance and gut morphology and gut microbial composition 
(Guerreiro et al. 2018). These effects of prebiotics are mainly related to improved 
growth and feed efficiency because of enhanced nutrient availability due to changes 
in gut morphology, as described in Nile tilapia fed diet supplemented with inulin 
(Boonanuntanasarn et al. 2018a), orange peel-derived pectin (Van Doan et al. 
2018b), B-glucans (Pilarski et al. 2017), fructo-oligosaccharides (Liu et al. 2017b), 
and mannan oligosaccharides (Levy-Pereira et al. 2018). Prebiotics influence gut 
immune system as well, and effects on microbiota have been addressed (Nawaz et 
al. 2018). 

The gut microbiome has long been known to play important roles in tilapia health, 
and the establishment and maintenance ofa microbial community structures affect the 
health and growth performance of tilapias. Factors include, among others, diet (Zhou 
et al. 2018), and probiotic and prebiotic administration (Haygood and Jha 2018). 
A recent strategy is the incorporation of antibiotic alternatives such as probiotics 
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(Ferguson et al. 2010, Standen et al. 2016) and additives such as organic acids (Koh 
et al. 2016) to modulate the gut microbiota in order to enhance gastrointestinal health 
and consequent growth performance and well-being of tilapias. 


5. Fatty acid 


Tilapia, like other vertebrates, cannot synthesize de novo n-3 or n-6 series of C18- 
polyunsaturated fatty acids (PUFA), such as a-linolenic acid (ALA, 18:3n-3) and 
linoleic acid (LNA, 18:2n-6), and consequently require a dietary supply of these 
essential fatty acids (Sargent et al. 2002). Dietary C18-PUFA are then converted 
by tilapia into the biologically active long-chain polyunsaturated fatty acids (LC- 
PUFA), namely, eicosapentaenoic acid (EPA, 20:5n-3), docosahexaenoic acid (DHA, 
22:6n-3), and arachidonic acid (ARA, 20:4n-6). Marine fat fish, like Atlantic salmon, 
Salmo salar, has commonly been regarded as the main dietary source of abundant 
n-3 LC-PUFA. However, the content of n-6 fatty acids in freshwater fish like Nile 
tilapia is much greater than n-3 fatty acids (Liu et al. 2019). Vegetable oil sources 
added in freshwater fish diets is widely known to contain large amount of n-6 fatty 
acids, which increases the deposition of these fatty acids in the muscle. Therefore, 
several studies have previously shown that the fatty acid composition of the fillets in 
farmed fish may be modified by dietary oil sources (Ferreira et al. 2011). 

Previous research showed that the content of n-3 PUFAs in Nile tilapia fillets 
increased in fish fed plant oils enriched with 18:3n-3 (Carbonera et al. 2014). 
However, the contents of n-3 LC-PUFA in fillets of tilapia fed vegetable oil diets 
are known to be lower than fish fed fish oil-based diets (Chen et al. 2018, Teoh 
and Ng 2016). Fish oil are considered the best source of n-3 LC-PUFA in aquafeed 
industry to promote improved meat quality; however, it is increasingly recognized 
as an environmentally unsustainable and economically unviable practice (Turchini 
and Francis 2009). Recently, linolenic acid supplementation was demonstrated to 
enhance cold tolerance in Nile tilapia raised under suboptimal temperature (Corréa 
et al. 2017), also enhancing fatty acid profile in fish muscle. Thus, fatty acids” 
supplementation has been considered to improve beneficial fatty acid profile for 
consumers, also considering beneficial effects on fish health and meat quality. 


6. Exogenous enzymes 


Alternative vegetable sources have been evaluated in the substitution of fishmeal 
in tilapia diets. However, vegetable sources have high variability in antinutritional 
factors, particularly regarding non-starch polysaccharides (Haidar et al. 2016, Sinha 
et al. 2011) and phytic acids (Li et al. 20192), which impair the nutritional value of 
the feed, contributes to increased waste production (Kokou and Fountoulaki 2018), 
and limits its inclusion in fish diets. The use of exogenous enzymes as feed additives 
to improve nutrient digestibility in vegetable-based feedstuffs has been increasing 
in fish nutrition, providing more energy and nutrients from feed for tilapias, 
allowing flexibility in feed formulation. In addition, exogenous enzymes have been 
demonstrating an important role in reducing the negative environmental impact of 
aquaculture by reducing waste excretion (Castillo and Gatlin III 2015). 
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Recently, combined supplementation of phytase, xylanase (Hassaan et al. 2019), 
protease (Li et al. 2016, Yang et al. 2019), cellulase (Yigit and Olmez 2011) and 
mannanase (Chen et al. 2016) has been assessed successfully in tilapia feeds, and the 
combination of phytase and xylanase (Maas et al. 2019), phytase and protease (Li et 
al. 2019b) and phytase, protease and xylanase (Adeoye et al. 2016) enzymes have 
demonstrated synergic effects to improve the utilization of dietary nutrients when 
compared to the isolated supplementation. 


7. Insects meal 


Edible insects as an alternative sustainable protein rich source for human food and 
animal feed are impressive in terms of lower water waste, low land use, large number 
of offspring per reproduction, and their ability to transform low-value organic side 
streams into high-value protein products (Makkar et al. 2014, Van Huis 2013). In 
general, insects have high protein content, essential amino acids, lipids, minerals and 
vitamins. Their nutritional composition may vary according to insect species, life 
stage, and rearing conditions (Finke 2002). Furthermore, insect meal has been shown 
to be promising as a nutritional and nutraceutical ingredient in animal feed (Barroso 
et al. 2014, Dietz and Liebert 2018). 

Insects are a natural food source for marine and freshwater fish species, including 
Nile tilapia. Based on the apparent digestibility coefficients of various insect meals, 
Tenebrio molitor larvae meal has been demonstrated as suitable feed for Nile tilapia 
fingerlings. In addition, the presence of chitinolytic enzymes in the digestive system 
was described in Nile tilapia fingerlings. Despite this, high levels of chitin in insect 
meals may decrease the nutritional value by reducing the apparent digestibility 
coefficients (Fontes et al. 2019). 

Dietary inclusion levels of insect meal varies from 18.5% for Black soldier, 
Hermetia illucens fly larvae (Dietz and Liebert 2018) to 25% for maggot meal 
(magmeal) Locusta migratoria for Nile tilapia. Insect meal has demonstrated a 
potential protein source in aquafeeds. However, production of insect meal needs to 
be processed in large amounts at a reasonable price and be available year-round. 
Furthermore, a number of questions regarding insect meals such as the nutritive 
value related to presence of chitin and fatty acids profile remain to be addressed in 
tilapia diets. 


8. Plant extracts 


The plant extracts have a variety of functions due to the presence of various active 
compounds like alkaloids, flavonoids, pigments, phenolics, terpenoids, steroids 
and essential oils. Plant extracts are known to possess properties such as appetite 
stimulation, growth promotion, antimicrobial, antiparasitic, antioxidant, and 
immunostimulant agents on in-vitro and in-vivo applications and therefore acting 
as functional foods. The use of plant extracts has been widely investigated as an 
alternative therapy to antibiotics in tilapia. A previous study has emphasized the 
inclusion of dietary dry oregano (1.5 g/kg) for improvement in the immune system 
and resistance of Nile tilapia against Streptococcus agalactiae infection (Espirito 
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Santo et al. 2019). Similarly, dietary supplementation of green tea, Camellia 
sinensis (5 g/kg) revealed improved growth performance, health and resistance of 
Nile tilapia in preventing Aeromoniosis (Abdel-Tawwab et al. 2010). Additional 
study attested Indian herb, Solanum trilobatum, as antioxidant, also resulting in 
enhanced serum lysozyme activity, and consequently lower mortality following fish 
challenged with Aeromonas hydrophila (Divyagnaneswari et al. 2007). In addition, 
Tilapia mossambica, Oreochromis mossambicus fed extract of the Chinese herb, 
Toonasinensis (4 or 8 ug/g) has demonstrated increased respiratory burst, lysozyme 
activity, and phagocytic cell activity (Wu et al. 2010). Plant extracts may act as 
growth promoters in tilapia feed by acting on the gastrointestinal tract secretions of 
digestive enzymes, accelerating gastric emptying, stimulating appetite, increasing 
mucus production and glucose uptake in the intestine (Freccia et al. 2014). Recently, 
allicin, a biological component of garlic clove extracts, was described to ameliorate 
deltamethrin-induced oxidative stress and might have some therapeutic properties to 
protect Nile tilapia from subacute deltamethrin toxicity (Abdel-Daim et al. 2015). 
In tilapia farming, garlic has been used for enhancing growth and resistance against 
challenge of infection with Aeromonas hydrophila (Aly and Mohamed 2010). In 
addition, antiparasitic activity against Trichodinosis and Gyrodactylosis has been 
reported (Abd El-Galil and Aboelhadid 2012). More recent evidence highlighted 
the use of clove basil oil in increasing the health status of fish (Brum et al. 2018), 
while rosemary, Rosmarinus officinalis, enhances growth performance, antioxidant 
activity, and innate immunity of Nile tilapia (Naiel et al. 2019). Plant extracts 
have demonstrated potential use in the aquafeeds industry. However, there is still 
considerable controversy concerning essential oils application in tilapia diets, 
particularly involving the standardization of the evaluated essential oils (crude 
extract vs isolated active ingredient). This standardization is recommended because 
the active principles may present synergistic or antagonistic effects and differences 
in edaphoclimatic characteristics. 


9. Considerations and perspectives 


Progress has been made in the last decade to better define the nutritional requirements 
to develop suitable and environmentally friendly feeds for tilapias. 

There is an urgent research need to determine the requirements of tilapias 
above 1,000 g because of preferred market size. While optimizing growth and feed 
efficiency will remain important criteria in considering nutritional adequacy of diets 
for large tilapias, equally important will be the need for nutritional specifications 
that produce healthy fish with desirable market characteristics, especially modulating 
fatty acids” profile and enhancing carcass traits, particularly fillet yield of market 
size fish. 

A continuous provision of adequate new biotechnological applications is 
necessary to sustain continuous improvements in production, particularly genomics, 
a valuable and relatively new tool that has been used to support findings in tilapia 
research. Thus, nutritional influence on gene expression has been widely evaluated 
in tilapias to elucidate how nutrients influence metabolism in terms of growth 
and health, in order to increase production in aquaculture. Mostly, nutrigenomics 
studies have focused on how carbohydrates, fatty acids, and amino acids regulate 
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gene expression by modulating the activity of transcription factors or secretion of 
hormones, through qPCR, micro-array or RNA-seq analysis. 

Although few studies have been conducted to evaluate gene expression 
modulation by vitamins (Kumer et al. 2012, Tang et al. 2013) in tilapias, the 
findings comprise a huge step forward by enhancing the understanding regarding 
immunological diseases related with nutritional status. 

Recent research has quantified the broodstock requirements for energy, protein, 
fatty acids, phosphorus and vitamin C, and this will assume greater importance to 
produce healthy fish, also considering meat quality. The effects of dietary supplements 
like prebiotics, probiotics, and symbiotic have been evidenced, and has already 
been established in aquaculture practices especially as a promising alternative to 
chemicals and antibiotics. 

The tilapia industry depends on a reliable supply of healthy fry and fingerlings 
to optimize grow-out performance on fish farms. Therefore, appropriate feed and 
feeding program may be considered to maximize growth performance of fish. 

Sustainable and nutritive alternative source like insect meal has demonstrated 
potential to elaborate tilapia feeds. However, large-scale production may be 
considered and applied in commercial scale aquafeed production. 
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1. Introduction 


Food can represent about 40-7096 of the total cost of aquaculture production. The 
knowledge of feeding behavior in tilapia could aid in formulation and development 
of appropriate aquafeeds (Fortes-Silva et al. 2016, Matthew et al. 2017). Numerous 
studies have been conducted in recent years on the use of alternative plant ingredients 
in tilapia feed; however, there is a lack of knowledge about feeding practices when 
considering food composition changes. Freshwater fish such as tilapia also exhibit 
food preferences. On the other hand, the farming of tilapia is practiced in many ways, 
and for each aquaculture system the food practice is different. In short, the purpose 
of this chapter is thus to review how food affects feeding practice in tilapia. Also, it 
addresses the aspects that tilapia feeding 1s facing considering practical production 
systems. 


2. Food acceptance and anti-nutritional factors 


The use of increased amounts of plant protein and oil sources in aquafeed can mean 
sustainable aquaculture (Joblin 2015). However, the acceptance of plant products 
may be an issue for some fish species, even for omnivores like Nile tilapia. Aversive 
responses to potentially toxic or harmful bitter molecules can reduce fish plant meal 
intake. Both dietary acceptance and bioavailability of nutrients may be related to 
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substances deriving from vegetable meal, known as anti-nutritional factors. This 
is treated as a natural animal defense. The taste barrier blocks the entry of any 
unpleasant, undesirable or harmful foods, and protects animals against metabolic 
stress and true health and life hazards (Kasumyan 2019). In this way, limitations 
of the inclusion levels of plant ingredients appear for most fish species, including 
tilapia, due to the presence of these substances (Adeoye et al. 2016). Some 
examples of anti-nutritional substances found in aquafeed are protease inhibitors, 
phytates, glucosinolates, saponins tannins, lectins, oligosaccharides and non-starch 
polysaccharides, phytoestrogens, alkaloids, antigenic compounds, gossypols, 
cyanogens, mimosine, cyclopropenoid fatty acids, canavanine, antivitamins and 
phorbol esters (Francis et al. 2001). The factors present in moringa (Moringa 
oleifera) leaves can negatively affect tilapia growth (Dongmeza et al. 2006). These 
results may be related to the acceptability of diets that are negatively affected by 
increasing the inclusion of plant materials and their taste characteristics. Therefore, 
dietary acceptability tests can provideplenty of benefits for tilapia breeding. A new 
diet calculation is done by considering that its composition is commonly achieved by 
performing time-consuming growth trials, which may negatively impact the welfare 
of many fish if feed is not accepted (Carlberg et al. 2015). When exogenous sodium 
phytate is added to the diet, Nile tilapia prefer the phytase diet with 1500 IU phytase 
kg”! of diet (Fortes-Silva et al. 2010b) (Table 1). Phytase is an enzyme that has 
proven capable of not only hydrolyzing nondigestible phytate, but also of improving 
protein digestibility and mineral availability for several fish species. 


3. Feeding stimulants 


Surely the effect of feeding stimulate can be influenced by regulating food intake 
with consequences in metabolic or physiologic responses, including behavioral 
output. In behavioral terms, during buccal handling fish decide if feed is rejected or 
swallowed (Olsén and Lundh 2016). The ontogenetic development of Nile tilapia 
sense organs reflects adaptations to early life in a parent's buccal cavity (Kawamura 
and Washiyama 1989). However, Nile tilapia lack external taste buds on head, body 
and fins (Marusov and Kasumyan 2017), which may be present in other fish species. 
Generally speaking, the taste system, especially its functionality, is regarded as being 
stable throughout fish's lifetime (Kasumyan 2019), which can lead fish to display 
similar feeding behavior during their lifetime. Some feeding stimulants like betaine 
can stimulate the intestinal protease activity of liver protease and intestinal amylase 
activities in Nile tilapia, strain GIFT or neuropeptide Y (NPY) mRNA expression 
in brain by tryptophan stimulus or still ghrelin mRNA expression in the stomach 
by dimethylthetin (Zou et al. 2017) (Table 2). The consequence of this complex 
regulatory network can lead tilapia to change their feeding behavior. 

Although tilapia generally accept a wide variety of plant diets, the evaluation 
of feeding stimulants as a flavor additive in practical diets might be useful (Table 
2). Eating certain diets can change to favor growth performance. For example, the 
weight gain in Nile tilapia fed diets with a choline:betaine ratio of 10:90 was heavier 
than those tilapia fed diets with choline:betaine ratios of 100:0 and 85:15 (Kasper 
et al. 2002). However, food stimulants can act in different ways. For example, food 


88 Biology and Aquaculture of Tilapia 


consumption, growth and lipid deposition increased in the Nile tilapia that received 
n-decanoic (ghrelin-C10), but not n-octanoic (ghrelin-C8), and both are thought to 
stimulate feeding (Riley et al. 2005). According to these authors, forms of ghrelin 
may act through different receptors in tilapia. 

As regards several feeding stimulants used in aquiculture, silage supplements 
are generally more studied in tilapia. Supplementation of krill meal at 1.596 as an 
attractant or stimulant in diets based on soybean proteins may lead to increased 
feed intake, growth performance and feed utilization in Nile tilapia (Gaber et al. 
2007). These results apparently agree with the following study on shrimp waste 
as a powerful appetite stimulant. According to Leal et al. (2010), shrimp protein 
hydrolysate is a promising protein feedstuff or a feeding stimulant, and can account 
for as much as 6% of Nile tilapia diets, in which no adverse effects on growth 
and nutrient utilization are noted. In fact, peptides and free amino acids can act as 
stimulants of fish. According to Carr et al. (1996), the major tissue components in 
fish and invertebrates (e.g. glycine and alanine) correlate with compounds that have 
been previously shown to stimulate feeding behavior in several fish species. In Nile 
tilapia, Testes meal used as a feed additive when added to both fish meal and plant 
protein meal diets increases not only feed intake, but also metabolic efficiency (Lee et 
al. 2013). Moreover, these stimulant feeds seem to provide more than just flavor, and 
have even improved the nutritional quality of diets. Diets with added protein shrimp 
silage have been reported to be well accepted by Nile tilapia, which avidly ate feed 
during the experiment, and this led to improved growth at dietary inclusion levels as 
high as 1596 (Plascencia-Jatomea et al. 2002). Rainbow trout viscera silage cannot 
only act as a feeding stimulant, but can also improve the non-specific immunity of 
Mozambique tilapia (Oreochromis mossambicus), thanks to its essential amino acids 
profile (Goosen et al. 2014). 


4. Nutrient intake target 


All these metabolic and blood responses seem associated with tilapia's acceptance 
of, or aversion to, food. Several behavioral studies have tested tilapia's ability to 
regulate the intake of specific nutrients (Table 1). The preferential intake of linseed 
and fish oil diets could be due to their better palatability, or could most likely be 
due to their better nutritional value (Fortes-Silva et al. 20102). A study conducted 
with self-demand feeders has concluded that tilapia can adapt to protein dilution/ 
removal to sustain energy intake to reach a nutrient intake target as protein (41.7%), 
lipid (34.8%) and carbohydrate (23.5%) (Fortes-Silva and Sánchez-Vázquez 2012). 
This nutrient intake target was expressed as a percentage of diet after taking the total 
macronutrient to be 10096. Beyond orosensory control, recent studies have supported 
the existence of taste receptors and signaling elements in the gastrointestinal tract of 
fish, which suggests that sensory properties of diet can also have functional effects 
other than oral taste sensations and palatability (Morais et al. 2016). 

The first study that employed the macronutrient encapsulation method was 
conducted in 2011, which demonstrated tilapia's ability to show a nutritional target 
for protein, carbohydrate and lipid consumption. According to Fortes-Silva et al. 
(2011), Nile tilapia can self-compose a balanced diet, and is also able to regulate 
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energy intake without the oral properties of diet. This study raised questions about 
the post-ingestive effects of diet in tilapia. In the following years, another study 
challenged tilapia's ability to regulate the consumption of essential amino acids. 
Using self-feeders, Nile tilapia were able to self-supplement a deficient diet by 
selecting a synchronized combination of I-tryptophane, l-methionine and l-threonine 
that matched their nutritional requirements (Fortes-Silva et al. 2012). 

This could be due to them eating an unbalanced diet, which could lead to 
metabolic consequences that imply fish developing a particular behavior that involved 
preferring certain nutrients (Fortes-Silva et al. 2016). Simpson and Raubenheimer 
(1996) proposed three rules to explain forage behavior and the nutrient search of 
animals: (1) learning from positive associations as reminder clues that lead to places 
where food is rich in a specific nutrient; (2) learning from aversion so as to avoid 
locations associated with toxic or nutrient-poor foods; (3) nonassociative responses 
like simply moving to find new nutrients in the environment. By taking all this into 
account, the geometric approach to address multidimensional nutrition has been 
suggested to evaluate the nutrient intake target in fish (Simpson and Raubenheimer 
2001) (Figures 1A, B, C). When there is only one possible nutrient that can be ingested 
(see the dashed black line in Figures 1A, B), fish only have the option of increasing 
or decreasing their intake to meet that nutrient requirement. However, when fish are 
allowed to eat more than one food with different nutritional compositions, they may 
regulate their intake to defend an intake target (Figure 1C). This approach considers 


A T" B 

500 ‘i 480 |E- - 
E = 
El oh 
a A 

"7" AN. 
1.700 3,000 6.000 3,000 6.000 
Digestible energy (kcal kg") Digestible energy (kcal kg?) 


500 


Digestible Protein (g kg!) 


3,000 6,000 
Digestible energy (kcal kg") 


Fig. 1. Nutritional scenery of digestible protein and energy ration based on the intake target 
concept adapted from Simpson and Raubenheimer (2001). 
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animal behavior to be a guide for studies on intake diets. However, it is noteworthy 
that several research methodologies exist for assessing nutrient intake and animal 
requirements, such as dose-response or factorial methods (Sakomura and Rostagno 
2007). 

Digestible energy refers to non-protein energy sources such as carbohydrate and 
lipid. The black dotted lines in each figure represent food rails and the black circular 
symbols depict the hypothetical points of nutrient intake reached by fish. The red 
circle refers to the intake target based on Nile tilapia's nutritional requirement. Red 
arrows refer to ingestion. A: Fish eat enough protein, but energy is low; B: fish eat 
enough energy, but with excess protein; C: by considering two hypothetical diets 
with different nutritional values, fish can regulate their intake to obtain the necessary 
nutrients. 


Table 1. Diet selection based on compromise rule approach in tilapia 


Nutrient intake target 


Substances Class Intake target Method used for References 
diet preference 
Protein (P), Macronutrient 41.7% P, Self-feeder Fortes-Silva et 
carbohydrate (C), 34.8% C and al. (2012) 
lipid (L)! 23.5% L 
Protein (P), Macronutrient 45.4% P, Encapsulated Fortes-Silva 
carbohydrate (C), 32.2% C, and diet “without and Sanchez- 
lipid (L)! 22.4% orosensory Vazquez (2012) 
characteristics” 
Soybean, linseed Lipid (fatty Linseed and Self-feeder 
and fish oil acids) fish oil 
Essential amino Micronutrient Tryptophane, ^ Self-feeder and Fortes-Silva et 
acids l-methionine, encapsulated al. (2012) 
I-threonine diet “without 
orosensory 
characteristics” 
Phytase Enzyme 1500 IU kg”! Self-feeder Fortes-Silva et 
al. (2010b) 


! The relative macronutrient selection was expressed as the percentage of diet, considering the 
total of P, C and F as 100%. 


5. Feeding management in fry 


The quantity and quality of food supply for post-larvae is extremely important 
during larviculture because it is directly related to growth and survival. An adequate 
feeding frequency stimulates larvae to seek food at predetermined times and 
contributes to weight gain while reducing feed waste and production costs. It also 
improves water quality and makes it easier to observe the health status of fish through 
changes in feeding activity (Sanches and Hayashi 2001, Carneiro and Mikos 2005, 
Santos et al. 2015). 
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Table 2. Ingredient preference, feed attractant and diet selection based on 
compromise rule approach in tilapia 


Substances 


Ingredients preferences 


Wheat meal, soybean 


meal, cottonseed meal, 


cassava meal, cassava 
scrapings, sunflower 
meal and corn meal 
Sugar-cane yeast and 
corn gluten meal 
Integral lyophilized 
egg, silk worm meal, 
fish meal, meat meal, 
shrimp meal 


Effects 


Low attraction and 
palatability 


Medium attraction 
and palatability 
High attraction 
and palatability 


Concentration 


Feed attractant and stimulant used in plant-based diets 


Krill meal 


Choline:betaine 


Dried basil leaves 


Shrimp head 
hydrolysate 


Tryptophan 


Dimethylthetin 


Betaine 
Taurine 


Feed intake, 
growth 
performance, and 
feed utilization 


Consumption 


Palatability index 
and reduction in 
feed waste percent 
from 33.48% 
Consumption, 
weight, weight 
gain, mean daily 
weight gain, 
specific growth 
ratio and feed 
conversion ratio 
Neuropeptide Y 
(NPY) mRNA 
expression in brain 
Ghrelin mRNA 
expression in 
stomach 

Feed intake 

Feed consumed 
and feed 
conversion 


1.5% in the diets 


40:60 ratio (choline 
concentration: 3 
g kg' and dietary 


phosphatidylcholine 
concentration was 15 


g kg' dry diet) 
296 


10 and 1596 


1.8 g kg! 


0.6 g kg! 


5 g kg' 
10.0 and 15.0 g kg! 


References 


Pereira-da-Silva 
and Pezzato (2000) 


Pereira-da-Silva 
and Pezzato (2000) 
Pereira-da-Silva 
and Pezzato (2000) 


Gaber (2007) 


Kasper et al. 
(2002) 


El-Dakar et al. 


(2008) 


Plascencia- 
Jatomea et al. 
(2002) 


Zou et al. (2017) 


Zou et al. (2017) 


Luo et al. (2010) 
Al-Feky et al. 
(2015) 
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The main source of energy and nutrition for larvae is the yolk sac. The first 
exogenous feeding brings a need for increased feeding frequency, which is related to 
the species, the age of larvae and water quality and temperature (Hayashi et al. 2004, 
Soares et al. 2007). Dividing a diet into several daily meals improves digestibility, 
which favors growth and greater survival (Johnston et al. 2003). Thus, the amount 
of diet and/or frequency of feeding influences diet utilization when diet is directly 
applied to the water and any portion not consumed will be dissolved and lixiviated. 
However, gastrointestinal transit and/or gastric emptying can be altered, which 
modifies the action of digestive enzymes (Riche et al. 2004). 

On the other hand, many fish larvae and fingerlings, such as those of tilapia, 
require live food at the onset of exogenous feeding. Thus, the use of the primary 
productivity (plankton) can increase larval development and growth in a semi- 
intensive system. In order to efficiently utilize primary productivity, it is necessary to 
maintain an appropriate biomass of phytoplankton and zooplankton. 

Fertilization of ponds is an effective way to utilize solar energy and natural food 
organisms in fish culture (Boyd and Tucker 1998). Ponds with high fertilizer inputs 
have greater nutrient concentrations in the water and greater primary production and 
fish production (Diana et al. 1991b). 

The feeding rate oftilapia 1s mainly affected by plankton community composition 
and ability of different zooplankton to escape (Drenner et al. 1982, Geiger 1983, 
Grover et al. 1989). The biomass ingested by tilapia, in general, mainly consists of 
copepods, rotifers and a few protozoa, which are important protein sources for post- 
larval growth. 

Rotifers in particular are a good food source for tilapia due to their size and high 
reproductive rate in cultural media (Diana et al. 1991a, Shalloof and Khalifa 2009). 
Zooplankton diets generally have higher digestibility than diets of artificial feed 
(Wilcox et al. 2006). Changes in prey choice occur according to mouth size, age and 
size of post-larva (Jackson 2011), as well as zooplankton prey size, color, movement 
and locomotion (Gemmel and Buskey 2011, Gemmel et al. 2013). 

As larvae grow, storage density needs to be adjusted with regard to food supply 
and feeding frequency (Table 3). 


6. Importance of feeding practices with regard 
to sex reversal 


Sex reversal techniques using feeding practices are widely used for the control of 
sex in fish farming. Male populations are preferred in tilapia aquaculture because 
they have higher growth rates, prevent uncontrolled reproduction (Beardmore et al. 
2001), are less aggressive and have a more uniform size (El-Sayed 2006, Meurer 
et al. 2008). The metabolic energy of males is channeled towards growth, and they 
benefit from anabolism-enhancing androgens (Tran-Duy et al. 2008, Angienda et al. 
2010). 

The synthetic androgen 17 a-methyltestosterone (MT) has been added to diets 
for sexual reversion, which has the advantage of being easily excreted soon after 
hormonal treatment (Pompa and Green 1990), and thus no residue on the meat (Hoga 
et al. 2018). 


Table 3. Food management with practical diet for fry raised in green water (plankton) tanks (Adapted from Kubitza, 2006 


Cultivation Fish weight Final biomass Stocking density % Protein of  Granulometry Feed delivery (% Feeding 
Phase (g) (g/m?) (fish/m?) feed of feed weight/day) frequency (day) 

Nursery 1 0.3 to 5 400 80 40-36 Powder 6 to 4 3 

Nursery 2 5 to 30 600 20 36-32 2-3 mm 6 to 3 2 to 3 

Grow-out 30 to 150 600 4 28-32 3-4 mm 4to2 2 

Grow-out 150 to 180 — 600 to 800 4-6 32 3-4 mm 4 to 2 2 

Fattening 150 to 800 — 800 1 28 4-6 mm 2 tol 1 to2 

Fattening 150 to 800 800 to 1.500 1-2 32 4-6 mm 2 to 1 1 to2 

Fattening 150 to 800 — 1.500 to 2.400 2-3 32 4-6 mm 2 tol 1 to2 
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Sex-reversal treatment involves giving tilapia larvae a powdered feed at the first 
feeding, while they are still sexually undifferentiated. Such a diet contains 30 — 60 
mg of 17 a-methyltestosterone/kg (El-Sayed 2006). It is necessary then to feed post- 
larvae a large amount of food at a high rate, which causes post-larvae to consume less 
plankton and more diet with hormone. 

Feeding post-larvae 17 a-methyltestosterone for about 38 days (Phelps and 
Pompa 2000) will suppress aromatase expression (Moret al. 2001), leading to sex 
differentiation to a monosex population (Bhandari et al. 2006). 

Increased feeding frequency can make masculinization more efficient, as it 
promotes a constant supply of the hormone in the bloodstream for a longer period of 
time (Meurer et al. 2012). 

Sexual reversion to a monosexual male population can be achieved using a 
feeding frequency of at least six times a day for a period of 30 days, which results in 
98% male individuals (Mainardes-Pinto et al. 2000). 

For more details on this topic, see Chapter 11 of the present book. 


7. Semi-intensive tilapia production 


This system is widely spread among developing countries from Southeast Asia, 
Africa and Latin America. It is based on natural food production of earthen ponds 
generally accomplished by fertilization with organic or inorganic fertilizers. 
Although this system 1s usually employed by small-scale farmers, a great variability 
on feed management practices has been reported since it 1s affected by adoption of 
technology to increase productivity. 

One of the main issues observed on farms using this system has been the over 
use of supplemental feeding. Although there has been a consensus in the literature for 
reducing the use of high quality commercial supplemental feeding in these system for 
decades, there will still be some farmers using high quality feeds in their production 
which is not cost-effective. 

Semi-intensive culture could be more convenient and cost effective for small- 
scale farmers than intensive farming systems (El-Sayed 2006), depending of 
fertilization practices. (El-Sayed 2006). 


7.1 Correct use of fertilization and supplemental feeding 


In general, it is assumed that tilapia produced in semi-intensive production systems 
rely completely on natural food produced through fertilization. Although it is difficult 
to determine the exact point in the production cycle to start the use of supplemental 
feeding, it is common sense that at least in early stages the natural food is sufficient 
to meet the requirements for larvae and fingerlings (Table 4). According to previous 
studies, tilapia production in fertilized ponds was more efficient when raised only 
on fertilizers up to 100-150 g. Afterwards, it is recommended to feed the fish with 
supplemental feed at 50% satiation. Therefore, delaying the start of using commercial 
feeds in this system sharply reduces feed cost without affecting fish yield (Diana 
et al. 1996). 
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Table 4. Results of different fertilization schemes observed in the literature for Nile tilapia 


Size(g) Stocking density Fertilization Optimum feeding Reference 
(fish m?) scheme timing 
15 3 Urea (60 kg/ha/ When fish reaches Diana et al. (1996) 

wk) + triple super 100-150 g 
phosphate (34 kg/ 
ha/wk) 

25g 3 Similar to the 80 days after Lin et al. (1997) 
previous stocking 

0.1g 4 Ammonia (28 75 days after Brown et al. 
kg/ha/wk) + stocking (2000) 
ammonium 
phosphate (5.6 kg/ 
ha/wk) 

13.8g 3 Chicken liter (750 42 days after Abdelghany et al. 
kg/ha) + TSP (100 stocking (2002) 
kg/ha) * urea (20 


kg/ha) — biweekly 


Another issue associated with this system 1s the use of high feeding rates in 
fertilized ponds. A report from FAO has indicated that most of the tilapia farms use 
semi-intensive production systems overfeed the fish which affect the economic return 
of tilapia farming (FAO 2013). Additionally, the appropriate use of supplemental 
feeds in this system will reduce the environmental impact of the farm and improve 
economic return. 


7.2 The use of mixed-feeding approach 


The mixed-feeding approach is a feeding strategy where the fish is fed on a high 
protein diet for a certain time and followed by feeding with a low protein diet. This 
method has been tested for several fish species and the general outcome is an increase 
in feed utilization and a reduced production cost. This approach is based on the 
assumption that when a fish is fed a high protein diet through the production cycle, 
the feed utilization could be reduced over time. In fact, this is a feeding strategy that 
has been used in other farm animals” management for several decades, such as the 
feed management of dietary calcium in dairy cattle, and 1s based on the physiological 
adaptation of nutrient transporter's expression at the enterocytes following adequate 
and inadequate nutrient contents. Using this approach with altered low protein diet 
(usually 1096 lower than the optimal requirement), the feed cost could be reduced 
and fish performance maintained. 

Uptill now, the available literature on tilapia has reported no significant decline in 
growth performance of tilapia fed on mixed-feeding approach with an improvement 
in feed and protein utilization (Table 5). The best results obtained for tilapia reported 
feeding the fish with a high protein diet for two days followed by a low protein diet 
for three days during 60 days. 
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Table 5. Summary of the main studies on mixed-feeding for Nile tilapia 


Size (g) Protein levels Design Outcomes Reference 
1.92 25% — 18%  1-3don25%& Better results on Santiago and Laron 
1-4 don 18% for 2don25% & Id (2002) 
7 weeks on 18% 
20-250g 40% > 25% Feeding schedule Better broodstock ^ Santiago and Laron 
similar to the performance on 3d (2002) 
previous on 40% & 2d on 
25% 


13.6 g 33% — 22% 7 mixed feeding Better performance Patel and 
schedules + 2 and yields on 2d Yakupitiyage 
controls for 60 on 33% & 3d on (2003) 


days 22% 

14.5 g 31% — 24%  6d31;5d31/1d24; Feeding schedule ^ El-Husseiny et al. 
4d31/2d24; on 3d in each (2008) 
3d31/3d24 for 90 dietary CP level 
days 


8. Feed management of tilapia in intensive systems 


Feed is responsible for the highest economic inputs in intensive tilapia farm 
operations. Moreover, strategies to reduce feed cost along the production cycle have 
been one of the main aims in feeding strategies research in fish. 

Most of the feeding strategies are based on physiological alteration in the way 
fish uses the nutrients and the capacity of fish species to depict a compensatory 
growth after feed deprivation. By using these strategies, farm operations may be 
more economically efficient and reduce feed waste and environmental impact of 
aquaculture. 

In intensive production systems, such as RAS, net cages and earthen ponds 
usually use the same basic feeding strategy to deliver the correct amount of feed 
for tilapia. Although a debate still exists in the literature about the proper feeding 
level used in tilapia culture (satiation vs restricted feeding to % of BW), a consensus 
in the results observed in various studies is that when feeding tilapia at satiation 
(or ad libitum), a higher feeding frequency should be used while when feeding 
tilapia to a restricted % of BW 2-6 meals per day should be provided according to 
developmental stage of tilapia (Table 6). This is in line with the natural feeding habit 
and structure of the digestive tract of tilapia. As an opportunistic species, tilapia has 
adapted to feed several times a day in different regions of the aquatic environment. 
Moreover, because of the limited capacity of the stomach of tilapia, more frequent 
feeding would be appropriate for them. 

Arule of thumb when feeding fish is not feed the fish in excess to their requirement. 
Higher feeding levels might lead to feed waste, reduced feed digestibility and 
efficiency, and finally increased environmental impact. Thus, most of tilapia farms 
nowadays use a certain level of feed restriction throughout the production cycle. 


Table 6. Recommended feeding chart for Nile tilapia raised intensively (Adapted from Kubitza 2011) 


Average 30-32 *C 25-29 °C 20-24 °C 16-19 °C 

weight (g) Rate Frequency Rate Frequency Rate Frequency Rate Frequency 
(% BW) (times/day) (% BW) (times/day) (% BW) (times/day) (% BW) (times/day) 

25 3.6 3 4.5 3 3.6 2 2T 1 

50 3.0 3 3.7 3 3.0 2 2.2 1 

75 2.7 3 3.4 3 2.7 2 2.0 1 

100 2.5 3 32 3 2:9 2 1.9 1 

150 2.4 2 3.0 2 2.4 1 1.8 1 

200 2.2 2 2.8 2 2.2 1 1.7 1 

250 2.0 2 2.3 2 2.0 1 1.5 1 

300 1.8 2 23 2 1.8 1 1.4 1 

400 1.6 2 2.0 2 1.6 1 1.2 1 

500 1.4 2 1.7 2 1.4 1 1.0 1 

>600 1.1 2 1.4 2 1.1 1 0.8 1 
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9. Exploring the compensatory growth in Nile tilapia 
raised in intensive production systems 


Compensatory growth is a period of accelerated growth that follows growth-limiting 
conditions once non-limiting conditions are renewed. Characteristic features of 
compensatory growth include increased food-intake, accelerated mitosis and 
enhanced rate of food utilization. Most animals, especially fish, are capable of 
compensatory growth (He et al. 2015). Therefore, this biological feature has been 
used in aquaculture to formulate feeding strategies to increase fish yields and reduce 
the amount of feed during the production cycle. In summary, CG in fish is generally 
a response of enhanced feed intake (hyperphagia) or/and improved feed and nutrient 
utilization efficiency during refeeding period (Ali et al. 2003, 2016, Gaylord and 
Gatlin III 2000, Mohanta et al. 2017). The molecular and metabolic mechanisms 
that govern this physiological process include the growth hormone (GH), growth 
hormone receptor (GHR), insulin-like growth factor (IGF) I and II, growth hormone- 
releasing hormone (GHRH), leptins, growth hormone inhibiting hormone (GHIH), 
myostatin (MSTN), myogenic regulatory factors (MRFs), and many other endocrine 
regulators and associated physiological effects of their release. 

Although there are conflicting results in the effectiveness of CG in tilapia (Table 
7), a common feature observed in most of the studies is the hyperphagia state soon 
after feed deprivation without improving feed efficiency. Hyperphagia state and 
associated CG seems to be time-limited and dependent on fish size, previous feeding 
history, duration of starvation and refeeding phases, and nutritional history. This 
might explain the great variation in the results observed in the literature. Additionally, 
the available literature showed that changes in muscle growth after food deprivation 
in tilapia are limited. Tilapia consistently showed muscle atrophy during starvation, 
while in the refeeding period muscle growth restarted similarly to the control groups 


Table 7. Summary of the results on compensatory growth studies with Nile tilapia 


Size (g) Starvation Refeeding Response Reference 
period period 

25-30g 1-3 weeks 10 weeks Limited CG Down- Nebo et al. (2017) 
regulation of MRFs 
Hyperphagia 

6.6 g 1, 2 and 4 wks 2, 4, 8 wks Partial CG Wang et al. (2009) 
Hyperphagia 

0.6 g 0,5and10days 42,37, 32 Fish starved for 5d Nebo et al. (2013) 

days showed complete CG 


Changes in muscle 
growth-related genes 


Hyperphagia 
5g 0,1,2 and4 wks 13,12, 11 & Complete CG Gao and Lee 
9 wks Hyperphagia (2012) 
11.8g 2,3, 4 or 7 days 105 days Partial CG Gao et al. (2015) 


through 80 days Hyperphagia 
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which were fed throughout the trials. Additionally, no effect on IGF-1 and GH 
expression has been consistently observed in tilapia at refeeding stage. 
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1. Introduction 


The tilapias (Oreochromis spp., Coptodon spp. and Sarotherodon spp.) inhabit diverse 
freshwater (FW) habitats and are considered in general euryhaline species. The 
ability to accurately quantify osmolality and co-ordinate a response of appropriate 
magnitude over a range of stress levels suggests that they may have evolved novel 
and optimized osmoregulatory mechanisms (Wang et al. 2009). The gills of FW- 
adapted Mozambique tilapia possess three types of ionocytes (or mitochondria-rich 
cells) (Dymowska et al. 2012, Furukawa et al. 2014): type I, which expresses the 
Na‘/K*-ATPase (NKA) in the basolateral membrane (Inokuchi et al. 2009) and a 
K* channel (ROMK) in the apical membrane (Furukawa et al. 2014); type II, 
which expresses the Na‘/CI cotransporter (NCC) in the apical membrane and the 
electrogenic Na*/HCO, cotransporter (NBC), NKA and a Cl channel (CIC-3) in the 
basolateral membrane; Type HI, which expresses the Na*/H* exchanger 3 (NHE3) 
and ROMK in the apical membrane and NKA in the basolateral membrane (Inokuchi 
et al. 2009, Dymowska et al. 2012, Furukawa et al. 2014). In these tilapias, NHE3 
expressed in ionocytes is involved in both FW adaptation and acid—base regulation, 
in which Na* is absorbed from external environments in exchange for H* secretion 
(Watanabe et al. 2008), whereas NCC absorbs external Na* and CI" simultaneously 
(Inokuchi et al. 2009) (Figure 1). The H'-ATPase (v-type) is also found in the gills of 
Mozambique tilapia (Ruíz-Jarabo et al. 2017), but it was not determined yet in which 
type of ionocyte. 
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The type III ionocytes of the gills of Mozambique tilapia apparently also contain 
an apical epithelial Ca?* channel as well as basolateral Ca?*-ATPase 2 and Na*/ 
Ca**exchanger 1b (Lin et al. 2016). The Ca?-ATPase and Na*/Ca?* cotransporter 
transport Ca?* from the cells into the plasma (Baldisserotto 2003), thereby reducing 
its intracellular concentration, which facilitates the entry of Ca?* from the medium 
into the ionocytes through the Ca?* channel (Baldisserotto et al. 2004) (Figure 1). 
Intestinal Ca?* uptake occurs through membrane of enterocytes by the presence 
of a basolateral Ca?*-ATPase (Klaren et al. 1997). Absorption of monovalent ions 
occurs through all the gastrointestinal tract by several transporters: NKA in the 
basolateral membrane and NCC, Na*/2CT /K* cotransporter (NKCC) (Li et al. 2014). 
The enterocytes (mainly in anterior and medium intestine) also present NBC, the 
Cl/HCO, co-transporter, and a H+-ATPase (v-type) in the apical membrane (Ruiz- 
Jarabo et al. 2017). The apical cystic fibrosis transmembrane conductance regulator 
channel (cftr) is important for Cl- absorption through the basolateral membrane (Li 
et al. 2014) (Figure 2). 


apical (water) 
Kt 


type I type II 


Na Cl Na Na HCO} 


basolateral (blood) 


Fig. 1. Schematic model of gill ionocytes in freshwater-adapted Mozambique tilapia. Full 
circles: transporters that need energy to execute their function. Empty circles: transporters 
that do not need energy directly to execute their function. 


2. Water pH 


The suitability of tilapias for aquaculture is related to their ability to tolerate a 
wide range of environmental conditions. Tilapias remain in continuous contact 
with environmental water, and are constantly challenged to maintain plasma ions 
concentration within the defined range necessary for proper cell function. 

Besides osmotic stresses, tilapias often face changes in ambient water pH, which 
lead to fluctuation of their blood pH as well as osmolality (Furukawa et al. 2011). 
This problem transpires in places where water acidification or alkalinisation may 
occur, resulting in the decline of fish populations, both in the environment and in 
fish farms (Copatti et al. 2019). So, water pH influences the stress response and fish 
development. 
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Fig. 2. Schematic model of ionocytes in the intestine of fresh- (left) and seawater-adapted 

(right) Mozambique tilapia. Full circles: transporters that need energy to execute their 

function. Empty circles: transporters that do not need energy directly to execute their function. 

O : indicates higher activity compared to freshwater-adapted fish. C) : indicates lower activity 
compared to freshwater-adapted fish. 


Acidic water tends to promote 1onic imbalance due to the high concentrations 
of H^, which causes the inhibition of Na”, K* and Ca? influxes (Aride et al. 2007) 
as well as ionic losses by disruption of tight junctions in the gill cells (Baldisserotto 
2003). This results in disorders in blood cells, plasma proteins and the volume of 
fish fluids, which can trigger reduction in growth and reproductive responses or even 
death from circulatory insufficiency (Wood 1989). Lemos et al. (2018) verified that 
high H* levels at pH 5.5 react directly with calcium carbonate (CaCO,), reducing 
alkalinity values below 30 mg CaCO, L'!. Under these conditions, water buffering 
capacity can be reduced, triggering high fluctuations of water pH levels and, 
consequently, disturbances in fish acid-base balance (Bhatnagar and Devi 2013). 

The exposure of Nile tilapia to acidic pH under high stocking density contributed 
to elevation of plasma cortisol levels (Lemos et al. 2018). Although cortisol is involved 
in the stress response, this remarkably versatile hormone also has a well-established 
role in the endocrine control of osmoregulation (Mommsen et al. 1999). High 
plasma cortisol levels in individuals exposed to acidic pH may be an osmoregulatory 
adaptation against ionic disturbances in these environments (Kumai et al. 2012), 
since cortisol stimulates an increase in the functional area of ionocytes (Lin et al. 
2015) and decreases gill permeability by tightening the tight junctions (Chasiotis 
et al. 2012) to maintain ionic balance. 

The size distribution of branchial ionocytes changed drastically during 
acclimation to acidified FW in Mozambique tilapia. The mean ionocytes size was 
1.5-fold larger in the fish exposed to water pH 3.5 for 7 days compared to normal 
FW (pH 7.2) (Furukawa et al. 2010). A structural damage of cells, which may result 
in cell death by necrosis, can occur in acute acidification (Wendelaar Bonga et al. 
1990). The gradual water acidification down to pH 4.0 can be tolerated (Ginneken 
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et al. 1997) or could even contribute to the Nile tilapia juvenile growth performance 
(Rebouças et al. 2015). For example, the reduction of plasma osmolality and sodium 
uptake rates 1s less severe under gradual water acidification in Mozambique tilapia 
(Wendelaar Bonga et al. 1984, Flik et al. 1989). According to Furukawa et al. (2010), 
somatolactin changed ion-transport functions of ionocytes to correct plasma osmotic 
balance disturbed by acid exposure in Mozambique tilapia. In addition, plasma 
osmolality drastically decreased until two days after transfer to acidified FW but 
was restored to normal levels after one week of acclimation (Furukawa et al. 2010), 
which demonstrated the excellent acid tolerance of tilapia. 

This adjustment to acidic waters occurs probably via prolactin (PRL), which 
controls diffusional sodium losses across gill surface (Flik et al. 1989). This hormone, 
as well as growth hormone and somatolactin, can contribute to acid-base balance 
when tilapias are exposed to acidic waters (Furukawa et al. 2010). 

Mozambique tilapia has some additional mechanisms described for adaptation 
to acidic waters. Under acidity, this species increases the release of a-melanophore 
stimulating hormone, which darkens the skin of the animal, and also changes its 
pattern of ionic regulation. This adjustment is usually successful if the pH reduction 
is slow (Van der Salm et al. 2005). Acclimation to acidic water (pH 4.0) increased the 
mRNA expression of NHE3 and NCC, where apical-NHE3 ionocytes were enlarged, 
and frequently formed multicellular complexes with developed deep apical openings 
at pH 4.0 (Furukawa et al. 2011). 

Finally, four transitory stages are distinguished in the ionocytes cycle in tilapias 
under gradual acidification: accessory or replacement cells, immature, mature, and 
degenerating (apoptotic) cells (Wendelaar Bonga et al. 1990). According to Mai et al. 
(2010), the ATM-p53 signal pathway is activated in response to DNA damage under 
acute acidic exposure (pH 5.3) and acts as a mediator of cell cycle arrest, apoptosis or 
cell death in Nile tilapia. Under normal conditions, ATM-p53 levels are maintained 
at a low state by virtue of the extremely short-half-life of the polypeptide (Zakaria et 
al. 2009). In summary, both osmoregulatory and acid-base regulatory mechanisms 
are activated in interaction in tilapias adapted to acidic waters. 

High pH levels (79.0) can harm fish by denaturing cellular membranes (Zahangir 
et al. 2015). The main problem of exposure to alkalinisation pH 1s the increase of 
ammonia concentration in the body fluids due to inhibition of un-ionized (NH) 
ammonia efflux (Wilkie and Wood 1996). This inhibition occurs because of the rise 
in pH at the external boundary layer of the gills, which reduces the conversion of 
NH, to its ionized form (NH,") due to the low concentration of H* available to react 
with NH, and transform it into NH,” and inhibits the Rhesus protein-based Na*/NH,* 
exchange complex (Wright and Wood 2009, 2012, Copatti et al. 2015). There is also 
a decrease in water CO, that creates a higher blood-water gradient, which promotes 
branchial losses (Wilkie and Wood 1996, Wood 2001). In redbelly tilapia (Coptodon 
(Tilapia) zillii) exposed to higher ammonia levels, the resultant respiratory alkalosis 
increases blood pH levels (El-Shafey1998). 

Additionally, exposures to very alkaline pH waters may reduce Na* and Cl 
influxes by the gills (Wilkie et al. 1999). Alcolapia (Tilapia) graham, which lives in 
Lake Magadi (pH 10.0), has low branchial permeability to both Na* and Cl (Eddy 
et al. 1981). 
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3. Water hardness 


Hardness can be defined as the sum of concentration of the divalent cations, 
particularly Ca?* and Mg” in water. Calcium is crucial for osmoregulation and 
maintenance of many physiological activities, such as of heart, muscle and nerve 
function (Flik et al. 1995). Fish, which live in aquatic environments with inconsistent 
Ca?* levels, have to maintain their body fluid Ca?* homeostasis through an efficient 
Ca?* regulation mechanism (Flik et al. 1995). Mozambique tilapia maintained at 
low Ca? levels (0.2 mmol Ca? L^!) presented higher Ca?* influx and efflux rates 
than those kept at 0.8 mmol Ca?L', allowing fish that lived in low Ca?* levels to 
maintain higher Ca?* plasma levels, although they presented lower Ca?* levels in 
their hard tissues (Flik et al. 1986a). The increase of waterborne Ca?* decreased the 
expression of the epithelial Ca?* channel and Ca?” influx in larvae and gills of adults 
of Mozambique tilapia, while the expression of the Ca?*-ATPase 2 and Na*/Ca?* 
exchanger 1b was not affected (Lin et al. 2016). 

The extracellular calcium-sensing receptor (CaSR) serves an important detector 
function in fish (Takei and Loretz 2006). This receptor is a component ofthe complex 
teleost skeletal system, like skeletal bone and cartilage, epidermis and red muscle. 
It is localized mainly in the ion-transporting ionocytes of gill, in 10n- and nutrient- 
transporting epithelia of middle and posterior intestine, suggesting its potential role 
in osmoregulation, as described in Mozambique tilapia (Loretz et al. 2004, 2009, 
2012). CaSR is involved in Ca?* homeostasis at the levels of integrative endocrine 
signaling through PRL (a hypercalcemic factor), stanniocalcin (STC, a hypocalcemic 
factor), somatolactin (SL, a proposed hypercalcemic factor) and calcitonin hormones 
(Takei and Loretz 2006, Loretz et al. 2009). It was also verified that somatostatin 
inhibits PRL release through a membrane receptor-coupled mechanism and similarly 
reduces intracellular free Ca?* (Hyde et al. 2004). 

In fish, growth hormone (GH) acts as a growth-promoting hormone, but it also 
appears to be involved in osmoregulation. In Mozambique tilapia, GH has specific 
calcitropic effects (Flik et al. 1993). In tilapia, Ca?* uptake from the water via the 
gills is pivotal for growth and Ca?* homeostasis (Flik et al. 1986b). Apparently, GH 
contributes to improve Ca? storage in the body of tilapia and decreases Ca” efflux, 
which may be related to the increase of ionocytes density in the opercular epithelium 
(Flik et al. 1993). The effect of GH on Ca” balance of tilapia is clearly different 
from that of PRL. The PRL does not stimulate growth, but stimulates Ca?" influx and 
reduces Ca% efflux and, by doing so, induces hypercalcemia and increases bone Ca?* 
density (Flik et al. 1986b). In Mozambique tilapia, GH can exert a negative control 
over the interrenals, because this hormone influences the reduction of cortisol levels 
(Flik et al. 1993). 

Cortisol may exert its hypercalcemic function through glucocorticoid and/ 
or mineralocorticoid receptor and low water hardness stimulates Ca?* uptake 
and expression of epithelial Ca?* channels and a cortisol-synthesis enzyme in 
Mozambique tilapia (Lin et al. 2016). Cortisol inhibits tilapia PRL release through 
rapid reductions in intracellular free Ca?* that likely involve an attenuation of Ca?* 
entry through L-type voltage-gated Ca?* channels (Hyde et al. 2004). Cortisol also 
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promotes Na* excretion and thereby reduces the rise in blood osmolality that occurs 
when animals move to hyperosmotic environments (McCormick 2001). 

Apparently, one of the survival mechanisms of species living in waters 
of low hardness is a high affinity for Ca^, which would contribute to closing 
paracellular junctions in the gills (Gonzalez et al. 1998), consequently contributing 
to osmoregulatory homeostasis and survival of fish by limiting diffusive branchial 
ion loss to the water by paracellular route (Chasiotis et al. 2012). Exposure to high 
waterborne Ca?* levels led to hypercalcemia and both high waterborne Mg?* and Ca?* 
concentrations reduced the osmotic water permeability of the gills in Mozambique 
tilapia (Wendelaar Bonga et al. 1983). In addition, yolk sac larvae and swim-up fry 
survival was found to increase with the increase in water hardness in Nile tilapia 
(Bart et al. 2013). 

The relationship between water pH and hardness also substantially influences 
fish physiology (Copatti et al. 2019). The protective effect of high water hardness 
occurs because the high ion loss is reduced by increasing the water hardness in acidic 
or alkaline pH, which could cause an improvement in the osmoregulation of the fish 
in these water pH values (Copatti et al. 2011). In acidic waters, the excess H* 1ons 
compete with waterborne Ca?* and Na”, inhibiting their capture by the fish, due to 
an opening of tight junctions of gill epithelia, increasing ion loss by a paracellular 
route (Wood 2001). To survive in this type of environment, it is possible that 
tilapias control the efflux of ions through the high affinity of the Ca?* ions to these 
paracellular junctions in the gills, acting as a barrier to ion output (Baldisserotto 
2003). At a low Ca” content of the water, pH 4.0 can be tolerated by tilapias, but 
the water acidification needs to be gradual (Ginneken et al. 1997). The increased ion 
loss during acid exposure are thought to be largely associated with the disruption 
of paracellular tight junctions (Kwong and Perry 2013), which apparently is caused 
by Ca? displacement from these junctions (Kwong et al. 2014). Low pH condition 
may induce ROS formation, mitochondrial dysfunction, and Ca?* dysregulation in 
blood cells of tilapias (Mai et al. 2010). This could be avoided by increasing the 
water hardness as this would help to regulate Ca?* levels in the organism. Acidic 
environments could also lead to an increase in cytosolic Ca?*levels because Ca?* 
is released from the mitochondria into the cytoplasm for lipoperoxidation of the 
mitochondrial membrane (Wang et al. 2009). 


4. Salinity 


The native distribution of Mozambique tilapia is characterized by estuarine areas 
subject to salinity variations between FW and seawater (SW) with tidal frequency. 
Mozambique tilapia can be acclimated to SW without mortality if the fish stay at 
least one day in brackish water (up to 18 ppt) through transference (Baldisserotto 
et al. 1994, Cnaani and Hulata 2011), but direct transfer provokes mortality (Yang 
et al. 2016). Blue tilapia (O. aureus) requires four days and Nile tilapia eight days 
in brackish water through transference to SW to avoid any mortality. Mozambique 
tilapia grew more rapidly in brackish water, but fish kept in brackish water appeared 
to depend on food-related calcium for growth as branchial Ca?* uptake provides no 
more than 20% of growth related Ca?*-accumulation (Vonck et al. 1998). However, 
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some populations of Nile tilapia do not survive in salinities above 22 ppt. The red 
tilapia (O. mossambicus x O. hornorum) juveniles tolerate up to 19 ppt and adults up 
to 29 ppt. Usually hybridization with Mozambique tilapia increases salinity tolerance 
compared to the other species used (Cnaani and Hulata 2011, Zhu et al. 2018). The 
salinity tolerance of wild tilapia from the Nile river can be ranked as redbelly tilapia 
> mango tilapia (Sarotherodon galilaeus) > blue tilapia > Nile tilapia. Maximum 
salinity levels for growth of these species are: 29 ppt for redbelly tilapia, 15-20 ppt 
for mango tilapia, 10-15 ppt for blue tilapia and 5-10 ppt for Nile tilapia (Payne and 
Collinson 1983). 

SW-adapted Mozambique tilapia presents higher standard metabolic rate and 
plasma osmolality than FW-adapted ones (Zicos et al. 2014, Pavlosky et al. 2019) 
and type IV ionocytes in the gills (Furukawa et al. 2014). Some authors consider that 
there are only three types of ionocytes; therefore, to them only type III (with NKCC) 
would be present in SW tilapia (Pavlosky et al. 2019). Salts were secreted by the 
basolateral NKCC and NKA, as well as a chloride channel (cftr) for Cl, NOMK for 
K* and the “leaky” tight junction for Na*. The NHE3 antiporter is also present in the 
apical membrane (Furukawa et al. 2014). SW-adapted Mozambique tilapia showed 
higher expression of nkccla, nkaab and cfir than FW-adapted ones (Figure 3), while 
the last presented higher expression of ncc, nkaala and aqp3 (aquaporin 3 gene). 


apical (water) 


K* cr + + 


HH 


basolateral (blood) 


Fig. 3. Schematic model of gill ionocytes type IV in seawater-adapted Mozambique tilapia. 

Na* transport occurs through a paracellular pathway. Full circles: transporters that need 

energy to execute their function. Empty circles: transporters that do not need energy directly 
to execute their function. 
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Branchial gene expression of transporters of ion transport in Mozambique 
tilapia reared in tidal regimen of salinity changing between FW and SW every 6 h 
was similar to those reared in steady-state SW (Pavlosky et al. 2019). Transference 
to FW induces transformation of type IV ionocytes in type I within 3 h (Lin et 
al. 2004). Mozambique tilapia might maintain internal water and ion balance via 
switching of the NKA a-isoforms (resulting in different affinities) in the kidney 
rather than regulating renal NKA activity between FW and SW (Yang et al. 2016). 
Additionally, the expression of one variant of nkaal was higher in the anterior and 
posterior intestines of both Mozambique and Nile tilapia SW-adapted (one month) 
than FW-adapted specimens. The expression of nkcc2 and atpóv (H'-ATPase, v-type) 
were also higher, while ncc was lower in the intestine of SW-adapted fish (Ronkin 
et al. 2015). Acclimation to SW increased 16-fold the secretion of bicarbonate in 
the intestine, as well as the expression of s/c26a3 (CI/HCO; co-transporter) in the 
medium intestine (Ruíz-Jarabo et al. 2017). 

Nile tilapia transferred from FW to SW at 15 and 20 ppt showed gill ionocytes 
with more mitochondria and a more developed tubular system arising from the 
basolateral membrane and a pre-acclimation with diet supplemented with NaCl 
(8%) during three weeks in FW did not cause changes in plasma osmolality, Cl 
concentration, plasma level of cortisol and gill NKA 24 h after transfer to SW 
(Fontaínhas-Fernandes et al. 2001). Another study showed FW tilapias fed high-salt 
diets (8-10% NaCl) for two weeks or more showed lower ion plasma changes and 
higher survival after transference to high salinities (Cnaani and Hulata 2011). 

The acclimation of Mozambique tilapia to SW involves the crisis period and 
the stabilization period (Hwang et al. 1989). Immediately post-transfer to SW, the 
critical problem faced by teleosts is dehydration, caused by osmotic removal of water 
in gill and gut epithelial (Bath and Eddy 1979). This crisis period in tilapia appears 
to be within 6 to 12 h (Hwang et al. 1989, Fontaínhas-Fernandes et al. 2001). The 
subsequent 12-24 h mark the beginning of the stabilization period, in which the 
plasma osmolality and Cl concentration start to decrease. Zhu et al. (2018) verified 
that during the critical time of acclimation, there were significant increases in the 
NKA al expression in the gills of the four tilapia species in the first 24 h after 
transfer, with a reduction afterward to 48 h but still higher than those in freshwater. 

Wendelaar-Bonga and Van der Meij (1989) found that ionocytes are more 
frequently observed at 3—5 days after the transfer of Mozambique tilapia from FW to 
SW. They usually occurred in groups of two or more cells, 1.e. as accessory (increased 
in size and number after transition), mature and degenerated ionocytes. Lee et al. 
(1996) observed that reversible changes of ionocytes occurred within 24 h after tilapia 
were transferred to various hypotonic milieus. In addition, oxygen consumption 
decreased with salinity, indicating a reduction in activity level at high salinity in 
hybrid Mozambique tilapia (Oreochromis mossambicus * O. urolepishornorum) 
(Sardella et al. 2004). Therefore, living in SW, from a physiological point of view, 
takes more energy than living in the less saline environments. 

Osmoregulation in the face ofchanging environmental salinity is largely mediated 
through the neuroendocrine system and involves the activation of ion uptake and 
extrusion mechanisms in osmoregulatory tissues (McCormick and Bradshaw 2006). 
Consistent with its role in maintaining ion balance, PRL reduces water permeability 
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and increases ion uptake, at least in part, by upregulating NCC mRNA expression in 
the gills (Breves et al. 2010). In addition, circulating levels of PRL are higher in FW 
tilapia than SW tilapia and when tilapias are moved from FW to SW, plasma PRL 
levels decrease (Seale et al. 2006). Two PRL receptors (PRLRs) have been identified 
in tilapia: PRLRI and PRLR2 (Fiol et al. 2009). Branchial PRLRI is up-regulated 
when tilapias are transferred from SW to FW and down-regulated after transfer from 
FW to SW (Breves et al. 2011). The function of PRLR2, however, is not clear (Fiol 
et al. 2009). Unlike PRLR1 mRNA, PRLR2 mRNA expression has been shown to 
increase in response to an increase in external salinity in Mozambique tilapia, which 
confers an increased ability to adapt to a hyper-osmotic environment (Fiol et al. 
2009, Seale et al. 2012a). 

GH exerts acute osmoregulatory actions and enhances SW adaptation and 
stimulates the differentiation of ionocytes toward SW adaptation in Nile tilapia (Xu 
et al. 1997). GH can affect both the ultrastructural features of ionocytes and the 
ability of gills to extrude Na* after fish are transferred to SW (Prunet et al. 1994). 
Mozambique tilapia reared in a tidally-changing salinity can compensate for large 
changes in external osmolality while maintaining osmoregulatory parameters within 
a narrow range closer to that observed in SW-acclimated fish (Moorman et al. 2014). 
Additionally, Nile tilapia showed a markedly improved SW survival and reduced 
Na”, Ca?* and Mg?* plasma levels when directly transferred from FW to 62.5% SW 
24 h after a recombinant GH (reGH) injection (0.25 or 2.5 ug g !) (Xu et al. 1997). 

Differences in the abundance of the water channel, aquaporin 3, and the stretch 
activated Ca?* channel, transient receptor potential vanilloid 4 in PRL cells of FW 
and SW fish may explain their differing osmosensitivity and osmoreceptive output 
in differing acclimation salinities (Seale et al. 2012b). The differential genes unions 
from FW to SW in Nile tilapia were classified into three categories. In the constant 
change category (1), steroid biosynthesis, fat digestion and absorption, complement 
and coagulation cascades. In the change-then-stable category (2), ribosomes, 
oxidative phosphorylation, signaling pathways for peroxisome proliferator activated 
receptors, and fat digestion and absorption. In the stable-then-change category (3), 
protein export, protein processing in endoplasmic reticulum, tight junction, thyroid 
hormone synthesis, antigen processing and presentation, glycolysis/gluconeogenesis 
and glycosaminoglycan biosynthesis-keratan sulfate (Xu et al. 2015). 


5. High ammonia levels 


Sakala and Musuka (2014) and Rebougas et al. (2015) observed that high 
concentrations of ammonia affected both the growth and survival of redbreast tilapia 
(Coptodon (Tilapia) rendalli) and Nile tilapia, respectively. Cortisol level increased 
by about two folds in Nile tilapia exposed to high ammonia levels (Zeitoun et al. 
2016). Under chronic ammonia exposure, hyper-secretion of mucus is another 
phenomenon that may occur in tilapias. This is considered to be a common protective 
phenomenon in ammonia exposed gills that prevents ammonia fractions from their 
further entrance in the gills (El-Shebly et al. 2011). Soufy et al. (2007) stated 
that hyperplasia may indeed have a protective function but it may also inhibit the 
respiration and osmoregulatory functions of the gills. 
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Another consequence of high ammonia levels is the reduction of GH levels and 
gill hyperplasia in Nile tilapia (El-Shebly et al. 2011). Growth hormone is deeply 
involved in osmoregulatory functions that include the regulation of gill ionocytes 
(Sakamoto and McCormick 2006). Zhao et al. (2018) verified that MicroRNA- 
26a may be involved in the remission of physiological disturbances resulting 
from ammonia stress. MicroRNA-26a is abundantly expressed in the brain and gill 
tissues of tilapia and ammonia stress leads to a remarkable decrease in miR-26a level 
(Zhao et al. 2018). 
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1. Introduction 


The success of tilapia production in more than 100 countries around the world was 
due to a sum of several positive factors at the very beginning which changed to 
negative factors with time. The fish species exhibit suitable and rapid growth, have 
ease of propagation and rapid reproduction, high tolerance and good adaptation ability 
to new environmental conditions, easy acceptance of natural foods and also, high 
resistance to diseases (Pech et al. 2017). Due to these inherent characteristics, tilapia 
species were perceived as a resilient fish during the initial years of their culture, and 
it was generally assumed that these fish were capable of tolerating very adverse water 
quality conditions and many other stressors, better than most commercial farmed 
species. Due to this erroneous supposition, tilapias were labelled as very “disease- 
resistant". However, this concept changed during the 1990s when cultured tilapia 
started to suffer different and severe diseases. World production of tilapia increased 
rapidly and unfortunately so has the disease incidences (Barkham et al. 2019). 

As usual, the course in tilapia disease was the direct result of the introduction of 
novel tilapia pathogens (via infected eggs and fish), and ofthe intensification (growing 
fish at high production densities and in recirculating systems) of fish culture methods 
globally (Chitmanat et al. 2016). Furthermore, infected tilapia, as also occurs with 
many other fish species, often do not show any clinical signs of disease despite being 
infected and they are capable of transmitting a pathogen to other specimens very 
easily (Plumb 1997). Once a pathogen is introduced into a recirculating system, it 
is difficult to eradicate. Fortunately, it is possible to considerably reduce the risk 
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of introducing pathogens to one farm by implementing simple management and 
biosecurity methods. 

In addition, it is mandatory to improve the knowledge of the fish immunity and 
pathogen biology. Fish represents the first group of vertebrates in which a complete 
immune system is present, comprising both innate and acquired immune responses. 
Fish primary lymphoid organs are thymus and head-kidney (HK, equivalent to 
mammalian bone marrow), while the main secondary lymphoid tissues are spleen 
and mucosa-associated lymph tissues (MALT), dispersed in the skin, gut or gills. 
In tilapia, the description of the structure and cell-types present in the thymus, 
HK and spleen tissues were described at the same time than the generation of 
immunoglobulins (Ig) after immunization (Sailendri and Muthukkaruppan 1975a, 
b). Afterwards, leucocyte characterization has been parallel to other fish species and 
not great differences are denoted among teleost fish species, in spite of being the 
greater group of vertebrates. 

Immune response can be divided into humoral and cellular factors, according to 
the soluble or cellular nature ofthe mediators and players, respectively, or into innate/ 
non-specific and acquired/specific depending on the first or successive encounters 
with the antigen. Humoral immunity is played by different molecules secreted by 
either leucocytes or other cells in the body, with innate properties [complement 
system, lysozyme, antimicrobial peptides (AMPs), C-reactive protein, interferon 
(IFN)] or specific to antigens (Igs) (Magnadottir et al. 2005, Ye et al. 2013, Stosik 
et al. 2018). By the other side, different leucocyte subpopulations are responsible for 
the innate and specific cellular immune responses including phagocytosis, respiratory 
burst, cellular-mediated cytotoxicity, antibody production or antigen presentation 
among others (Evans et al. 2001, Nakanishi et al. 2011, Scapigliati 2013, Esteban 
et al. 2015). Further characterization of the tilapia immune system organization, 
functioning and regulation is under characterization, which would help in the 
design of preventive and therapeutic measures for important pathogens affecting 
tilapia culture. 

In the present review, we will first focus only on the significant pathogens of 
tilapia at present providing a short overview of the field, and this paper will end 
with the main prophylactic measures available to prevent the incidence of diseases, 
including the available vaccines. 


2. Tilapia diseases 


Tilapia could be a very important culture fish species and has an important role in 
aquaculture and fisheries economy in the world. However, some important infectious 
diseases can be considered as one of the most important challenges in aquaculture 
development. The clinically significant tilapia pathogens fall into the broad categories 
of bacteria, viruses, and protozoa. Mycotic (fungal) diseases as well as those diseases 
caused by metazoan ecto- and endoparasites are usually not-significant for tilapia 
industry (Walakira et al. 2014). Usually, the main diseases affecting tilapia culture 
present a rate of morbidity and mortality which is related to age, water temperature 
and other culture conditions. 
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2.1. Bacterial diseases 


Different bacteria including Streptococcus iniae, S. agalactiae, Vibrio anguillarum, 
V. harveyi, Photobacterium damselae, Flavobacterium columnare, Edwardsiella 
tarda, Aeromonas sp., Vibrio sp. and Francisella sp. cause mortality in farmed tilapia 
(Wang et al. 2000). 

Streptococcus spp. From the different pathogens found in farmed tilapia, the 
most common, widespread and severe tilapia disease is caused by two species of 
bacteria in the genus Streptococcus (Perera et al. 1994). Streptococcus spp. are 
Gram-positive, non-acid fast, non-motile, oxidase-positive, catalase-negative cocci. 
S. agalactiae (including the previously described S. difficilis/difficile) is the major 
cause of streptococcosis in farmed tilapia while S. iniae also causes mortality but to 
a lesser extent. No obvious differences in the clinical signs of the diseases caused 
by these bacteria are evident. Streptococcosis can theoretically affect all fish sizes 
(Shoemaker et al. 2000, 2001, De-Hai et al. 2007). However, fish from 100 g to 
market size are usually more susceptible to the disease (causing higher economic 
losses) than smaller fish (Osman et al. 2017). These bacteria are the most important 
threats of the mid and last stages of tilapia culture because streptococcal disease 
could kill big fish from 150-300 g onwards. 

The main entry site of S. agalactiae is the gastrointestinal epithelium (Iregui et 
al. 2016). The most consistent pathological hallmarks in infected tilapia are a marked 
congestion of internal organs and septicaemia, mainly in the liver, spleen and kidney 
(Zamri-Saad et al. 2010, Vásquez-Machado et al. 2019). Furthermore, the bacteria 
have tropism for the central nervous system (it provokes meningoencephalitis) and 
infected fish exhibit abnormal behaviour like swirling, loss of appetite, disorientation, 
emaciation, lethargy and bent bodies. Sick fish also have eye lesions, such as endo- 
or exophthalmia, haemorrhages and unilateral or bilateral opacification of the eye. 
Infected fish usually have diffused bleeding on skin and 2- to 3-mm abscesses 
symmetrically positioned on the inferior jaw. In general, these abscesses quickly 
burst and become haemorrhagic ulcers, which do not heal. Larger abscesses of 
approximately 5 mm which contain purulent material can also be observed at the 
base of the pectoral fins. The base of the tail is a common site for large abscesses 
(10-20 cm). When fish are able to survive this infection, these abscesses usually 
remain visible. 

Regarding the internal signs of sick fish, septicaemia is frequent because bacteria 
swiftly reach the blood system and are disseminated to all internal organs. Major 
clinical signs associated with this condition are haemorrhages and inflammation in 
main organs, as was previously indicated. Furthermore, empty stomach and gut, as 
well as a big gall bladder, are commonly observed, which are typical signs of the 
absence of digestive activity. In severely infected fish, adhesions ofthe internal organs 
together and with the peritoneal cavity walls are common as well as the presence of 
fibrinous material in the peritoneal cavity (Ortega et al. 2018). Impression smears of 
internal organs (brain, liver, spleen and kidney) can be stained with Gram stain and 
they are being used to make on-farm diagnosis (Gram-positive cocci) in true cases 
of streptococcosis. 
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Outbreaks usually occur when fish have been exposed to stress (e.g. increase in 
water temperature, low dissolved oxygen and poor water quality or overcrowding 
for a long period of time). The disease is transmitted horizontally from fish to fish 
(via cannibalism, skin injuries, etc.), and also from the environment to the fish. 
Regarding the control and treatment, a decrease in feeding and/or stocking density 
can help to control or reduce the mortality rate. One of the hypotheses to explain this 
phenomenon is that the bacteria are present in the water and their uptake is facilitated 
by feeding. Decrease in stocking density helps to keep lower both the stress level and 
the pathogen load within the population. Antibiotics are only effective in treating a 
Streptococcus outbreak 1f treatment 1s applied during the early stages of the course 
of the disease. However, in most cases, oral antibiotics are ineffective as infected fish 
have a reduced appetite. Unfortunately, at present, there are no effective commercial 
vaccines to prevent Streptococcus outbreaks in tilapia. 


Flavobacterium columnare. Previously called Flexibacter columnaris, Cytophaga 
columnare or Myxobacterium columnare is a common pathogen in early stages 
(especially at the fry and fingerling stages) and it is one of the most common diseases 
in tilapia culture. Once established, the disease is highly contagious and may spread 
horizontally from fish to fish. F columnare is a Gram-negative, rod-shaped bacterium 
forming typical “hay stacks" or “columns” in wet-mount preparations (hence the 
name). 

Infected fish generally show lethargy, anorexia, weak swimming, and mortality. 
Infected fish often display external lesions such as skin and gill erosion, and necrosis. 
In acute cases, these lesions may spread quickly and lead to high mortality within 
a matter of hours. The initial lesions are seen only as a paler area that lacks the 
normal shiny appearance. These sores are usually surrounded by a zone with a 
distinct reddish shade. Early signs of infection also include fin erosion. Lesions on 
the back often extend down the sides, giving the appearance of a ‘saddle’, typical 
of columnaris disease. The mouth can be severely affected. The gill lesions are 
typically necrotic and the filaments disintegrate as the bacteria invade them with the 
infected fish breathing rapidly and ‘gasping’ at the surface due to lack of oxygen. F 
columnare utilizes fish mucus as a nutrient source but it is not known if growth in 
mucus or mucin results in differential protein expression and/or increased virulence 
of this bacteria towards fish (Shoemaker and LaFrentz 2015). 

Less commonly, the infection is observed internally but, sometimes, the 
bacteria can reach the blood system resulting in a systemic infection. Again, the best 
possibility to eliminate the occurrence of columnaris is to alleviate the stress in the 
farmed fish population. This disease is frequently associated with high temperature 
fluctuations, trauma, and poor water quality, stressful handling and overcrowding. 
Proper diet, maintaining good water quality and avoidance of excessive handling 
could help to avoid the fish from being stressed. 


Aeromonas. Another important bacterial disease with high impact at some farms 
is the disease named aeromonas septicaemia (“Aeromonas”). The disease is caused 
by Aeromonas hydrophila, which is the causal agent of haemorrhagic septicaemia 
syndrome or red pest on skin (Austin and Austin 1999). The disease results in the 
clinical signs of generalized external reddening and haemorrhagic septicaemia with 
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symptoms such as lethargy, weakness, loss of appetite, red discoloration at the anus 
and the base of the fins, haemorrhagic eyes, gills, internal organs, and muscle, blood 
tinged abdominal fluid, and swollen kidney, spleen, and liver. Aeromonas is generally 
associated with poor water quality (e.g. high organic load and low dissolved oxygen) 
or over-crowding or after stressful fish handling. Usually the bacteria temporarily 
respond to antibiotic therapy for short times (Yardimci and Aydin 2011). The 
intracellular survival of 4. hydrophila in host macrophages and the biochemical 
mechanisms involved in this phagocytosis process that affect infection has recently 
been studied as a valid model for the therapeutic and functional study of this bacterial 
infection (Fernandes et al. 2019). 


2.2. Viral diseases 


In our days, there is a continuous emergence of new viral diseases in aquaculture. 
They may be motivated by virus factors, animal host factors, environmental factors, 
and/or anthropogenic factors (Kibenge 2019). The most important viral threats in 
tilapia culture and industry in the world are iridovirus, herpes-like virus and viral 
nervous necrosis. 


Tilapia iridovirus or tilapia lake virus (TiLV, Tilapia tilapinevirus). In the last 
years, some viruses are emerging in farmed fish (Kibenge 2019). TiLV is one of 
them that affects tilapia and this iridovirus was the only documented viral disease 
in tilapia till some years ago. TILV is a new fish Orthomyxovirus and considered 
the most important threat for the culture of tilapia worldwide (FAO 2017). It was 
discovered as the etiological cause of massive losses of tilapia in 2009 (Bacharach 
et al. 2016). TILV caused fish mortality rates of 10-90% in farmed tilapia and also 
in the wild population in at least 12 countries across three continents (Asia, Africa, 
South America) (Jansen et al. 2018). This wide dispersion of the virus is explained 
due to the movement of infected fish, which provoked also the dissemination of this 
pathological agent (Dong et al. 2017, FAO 2017). In some occasions, mortalities are 
associated to TILV though no external clinical signs of infection were noted (Mugimba 
et al. 2018). Fortunately, TiLV is inactivated in tilapia fillets stored at 20*C for 90- 
120 days (Thammatorn et al. 2019) reducing the risk for human consumers. 

It was unknown whether different tilapia strains are equally susceptible to 
TiLV infection. Recently, it has been demonstrated that the susceptibility and 
post challenge mortality levels of grey (Oreochromis niloticus x O. aureus) and 
red tilapia (Oreochromis spp.) to experimental TiLV infection are very similar. 
Furthermore, equal virus concentration at the time of death in target organs and 
proinflammatory cytokine responses in target and lymphoid organs were observed 
(Mugimba et al. 2019). It should be necessary to continue the search for a less 
susceptible tilapia strains to this virus, in order to improve tilapia culture. 


Other viruses in tilapia. Although the incidence of other viruses has been also 
documented in tilapia species, their importance and magnitude in the aquaculture is 
not so high, as of now compared to TiLV. In this sense, infectious pancreatic necrosis 
virus (IPNV), nodavirus (NNV), tilapia larvae encephalitis virus (TLEV) or the 
infectious spleen and kidney necrosis virus (ISKNV) have also been identified in 
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cultured tilapia specimens (Bigarré et al. 2009, Shlapobersky et al. 2010, Sinyakov et 
al. 2011, Suebsing et al. 2016, Subramaniam et al. 2016, Mulei et al. 2018). Further 
attention needs to be paid to the incidence and distribution of these viruses in the 
culture of tilapia around the world. 


2.3. Parasites 


After introducing tilapia fries into culture ponds, there is a high probability of 
infection to some bacteria but also to different parasites (Monogenean and Protozoan) 
(Soler-Jiménez et al. 2017). 

Trichodina, or “Trich”, is a protozoan parasite that has severely impacted tilapia 
production. Trich can provoke extremely high mortality rates, mainly in young fish. 
The parasites heavily infect the gill (which become less efficient than usual) and 
body surfaces. Infected fish display rapid breathing, weakness, and uncoordinated 
swimming. Trhichodina populations can be temporarily controlled with copper 
sulphate and salt or formalin. However, treated fish remain carriers even after 
treatment and it is nearly impossible to eliminate trich from a system once it has 
been introduced (Hassan 1999). 

Other parasites affecting tilapia culture are isopods (clinical signs are swimming 
in pain and jumping over the water surface), monogeneans (the fish swim near the 
surface and eat less, become more pigmented and present swelling of the gills) 
and fish louses (the fish have bleeding ulcers, swimming in pain and rubbing their 
body against the pond's walls in an attempt to scrape off the parasites) (Shoemaker 
et al. 2006). 


3. Benefit of prophylactics in tilapia aquaculture 


Understanding tilapia farming life cycle is essential to analyze biosecurity risks and 
come up with biosecurity solutions suitable at farm, local, national and international 
levels. Unfortunately, control measures practiced by fish farmers in many countries 
are not very effective and well understood, largely due to insufficient information 
that can guide researchers, policy makers and farmers to develop control or 
preventive strategies against potential aquatic diseases (Akoll and Mwanja 2012). 
Protecting the culture environment from deteriorating and cultured animals from 
falling sick is the best possible option for production of healthy aquatic animals. 
However, at the moment, quarantine facilities are non-existent in some countries and 
limited biosecurity measures have been implemented to supervise new introductions 
and/or occurrence of diseases in farmed fish. Furthermore, inadequate measures to 
prevent escapes of farmed fish to the wild could also imply a great risk to the wild 
stocks (Hickley et al. 2008). In fact, the management and handling of tilapias in 
many emergent countries could be considered inadequate, since most of the actions 
carried out in the different production stages do not act in accordance with the good 
practices established by the Food and Agriculture Organization (FAO) and the World 
Health Organization (WHO), through the Codex Alimentarius Commission. These 
practices focus on water management, food handling, usage of chemicals and drugs, 
and product safety during harvesting. When these safety measures are applied, the 
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risks of biological, physical and chemical contamination are drastically reduced, as 
well as the possible losses caused by opportunistic bacteria. It is well known that 
the occurrence of diseases in tilapia farms is mainly due to several factors that act 
individually or jointly in an aquaculture crop. For these reasons, the implementation 
of strategies is essential for its optimal management, with the objective of achieving 
a sustainable production under safety and good management practices programs, as 
well as an alternative to effective vaccination as a preventive and corrective treatment 
(Pech et al. 2017). 

To be able to maintain the good health of fish during the culture process is one of 
the key points for the economic sustainability of this industry because losses (mainly 
due to diseases and environmental stressors) are one of the major impediments. The 
two major approaches for effective fish health management are prophylactics and 
therapeutics. Sometimes therapeutics cannot be avoided but prophylactic approaches 
can be considered even more important than therapeutics because they could reduce 
the use of disinfectants and/or antimicrobial drugs, which are harmful to the host and 
the environment (Opiyo et al. 2018). 

There are many prophylactic measures followed in aquaculture operations to 
prevent non-desirable diseases. Security is one ofthe most important. Security has to 
be established at different levels, very high in the breeding centre, then in multiplier 
hatcheries and also in each one of the production systems. In each farm, the first step 
in disease prevention is to buy fingerlings from a highly regarded source. Afterwards, 
each producer can further reduce the risk by implementing in his/her routine work 
the following simple methods such as maintaining good personal hygiene, hand- 
washing with antibacterial soaps, disinfectant foot baths, live-haul truck disinfection, 
using well or municipal water wherever possible and limiting visitors. Regarding 
animals, good practices include limiting fish introductions, avoiding over-crowding 
and always maintaining a good fish nutrition (Ojwala et al. 2018). 

Better management practices for optimum culture environments include, for 
example, avoiding the accumulation of metabolites and uneaten feed in the pond 
bottom, causing degradation of the culture environment and stress in fish in the long 
run. Furthermore, the enormous power of microbes as bioremediation agents can 
be exploited for improving the health and production of cultured aquatic organisms 
(Ponsano et al. 2019) including the use of probiotics. Furthermore, microbes have 
been extensively used to clean up environmental toxic pollutants. 

Selective breeding for genetic resistance can also be considered but there are 
some negative counterparts, for example, genetic selection programs are time- 
consuming and usually involve huge costs. Nonetheless, the selection for disease 
resistance is not easy because the possibility of increasing susceptibility to a non- 
target pathogen has to be considered. The result can be the loss of production traits, 
as it was recorded in dairy and beef cattle and poultry (Agha et al. 2018, Chen et 
al.2019a). These ambitious selection programs have to be considered as a multi- 
disciplinary approach in which many professionals (from biological and veterinary 
scientists including immunologists, epidemiologists, virologists, pathologists, and 
environmental experts and specialists in production systems management) have to 
be involved. 
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4. Vaccines 


Development of vaccines is considered the most significant medical achievement in 
human history after antibiotics, which paved the way for the prophylactic in health 
care systems. As per the latest report (4th October 2016) USDA has approved 141 
vaccines and 74 bacterins for use in veterinary practice, while there were only nine 
such products approved for use in aquatic animals as on 30th August 2016. This 
suggests the need for developing and licensing vaccines for aquatic animals. Lack 
of vaccines for aquatic animals could be attributed to the lack of effective delivery 
systems. Recently, several organizations have developed mineral oil and nanoparticle- 
based delivery methods for use in aquatic animals. As the vaccine delivery through 
oral, injectable and immersion means is being standardized, it should be possible to 
develop vaccines for different species of finfish and shellfishes in the near future. 

There are different laboratory studies evaluating the protection conferred by 
vaccines in tilapia. Among the pathogens tested, vaccines for A. hydrophila, S. 
agalactiae, S. iniae, F. columnare, Francisella asiatica, F. noatunensis, Edwardsiella 
tarda, E. ictaluri, Vibrio vulnificus bacteria, Ichthyophthirius multifiliis and 
Cryptocaryon irritans parasites have been developed (Table 1) (Bercovier et al. 
1997, Hástein et al. 2005, Brudeseth et al. 2013, Sommerset et al. 2005, Liu et al. 
2016, Munang'andu et al. 2016). In general, vaccines conferred good protection and 
induced the production of specific antibodies. Although the vaccine types are very 
varied, most of the studies focus on S. agalactiae and results indicate that, among the 
different vaccine types, inactivated S. agalactiae vaccines gave rise to better protection 
efficiency when compared with other strategies (e.g. live attenuated, recombinant, 
DNA vaccines). The most effective immunoprotection method is injection and 
Freund's incomplete adjuvant seemed to be suitable for tilapia vaccines. Many 
factors, such as immunization duration and number, fish size and challenge dose, 
may have some influences on vaccine efficacy (Liu et al. 2016, Munang'andu et al. 
2016). Result of this is the commercialization by several companies of inactivated S. 
agalactiae vaccines for tilapia farming (Merck, PharmaQ). Further characterization 
of the antigenic properties of the pathogens, the best antigens, the immune response 
elicited as well as how to prepare and administrate the vaccines needs to be improved 
before vaccines are finally formulated and commercialized. 


5. Immunostimulants 


Immunostimulants are substances able to promote the immune response or any 
of its components in order to better fight against pathogens. They represent good 
prophylactic measures, mainly through activation of the innate immunity, against 
a broad range of pathogens. However, most of the immunostimulants also play 
other functions in the body due to pleiotropic actions and multiple properties. 
Then, this term in englobed in a more general classification within nutraceuticals. 
Nutraceuticals, a food (or a part of food) that provides medical or health benefits, 
may have a very important role in the prevention and/or treatment of a disease. These 
include herbal and other natural products, dietary supplements and functional foods 
(Van Doan et al. 20192), whose functions go beyond the animal or cell nutrition. 


Table 1. Overview of the most important pathogens for tilapia species and the use of prophilactic vaccines or immunostimulants 


Pathogen Vaccines? Immunostimulants^ 
Types Effectiveness Probiotics Prebiotics Plants Others 

Streptococcus agalactiae Inactivated Medium-High Yes Yes Yes Sodium alginate 
Attenuated b-glucans 
Recombinant 
DNA 

Streptococcus iniae Inactivated Medium-High Yes Yes Yes N-acetylglucosamine 
Attenuated recombinant 

Flavobacterium columnare Inactivated attenuated Medium-High Yes 

Aeromonas hydrophila Inactivated Medium-High Yes Spirulin 
Attenuated recombinant 

Aeromonas veronii Yes Yes 

Francisella asiatica Attenuated High 

Edwardsiella tarda Inactivated Medium-High Yes Yes Several polysaccharides 
Attenuated recombinant 

Vibrio vulnificus Inactivated Medium-High 

Pleiomonas shigelloides Yes 


Ichthyophthirius multifiliis 


Live, inactivated 


Medium 


""supjnumijsounuug fo ast) 241 pup vidvpi pow; ui saisojoyjpd 


Type of vaccines? and immunostimulants? used for the prevention of diseases in tilapia and their efficacy upon challenge. Medium-High, 
50-100 of protection; High, >80% protection; Yes, protection. 


LcI 
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Nutraceuticals gained importance in the last decade due to the increasing cost and side 
effects of therapeutic pharmaceutical agents. Among them are prebiotics, probiotics, 
polyunsaturated fatty acids and natural antioxidants, which can also improve the 
fish immune status (Durigon et al. 2019). In aquaculture, these ingredients, or 
fed additives, have many positive demonstrated effects on farmed fish such as 
improved growth, immunity, water quality, nutrient digestibility, stress tolerance 
and reproductive performance and they are eco-friendly. Furthermore, some of them 
can also have a direct inhibitory action on pathogens (Ellison et al. 2018). In sharp 
contrast to vaccines, these substances are usually cheaper, have no side-effects and 
provide good protection against most of the adverse situations during the farming 
schedule such as disease or stress. In fact, they increase the general immune status, 
and the innate immune responses in particular, which gives good protection for any 
pathogen and is not limited to the one vaccinated. 

Probiotics are probably the most studied immunostimulants in tilapia. Probiotics 
are live microorganisms that when administered in proper dosages improve 
digestion, nutrition, growth and welfare. In this sense, the use of different probiotics, 
namely lactic acid bacteria, have proved to be very promising in tilapia, including 
Lactobacillus acidophilus, L. brevis, L. plantarum, Bacillus subtilis, B. licheniformis, 
B. pumilus, and B. amyloliquefaciens (Hai 2015). But other probiotics have also 
demonstrated good effects on tilapia such as Aspergillus oryzae, Bifidobacterium 
bifidum, Enterococcus faecium, Micrococcus luteus, Pediococcus acidilactici, P. 
fluorescens, Streptococcus salivarius subsp. thermophilus, Psychrobacterm aritimus, 
Rummeliibacillus stabekisii, Paenibacillus ehimensis and Saccharomyces cerevisiae 
(Hai 2015, Chen et al. 2019b, Makled et al. 2019, Tan et al. 2019). Additionally, 
some pathogenic bacteria for some fish species are also beneficial for tilapia such 
as Citrobacter freundii and P. fluorescens. The use of these probiotics produces 
immunostimulation and increase the disease resistance in tilapia (Table 1). Probiotics 
were able to increase the number of leucocytes, the humoral immune activities in 
either the serum or mucus including lysozyme, peroxidase and complement activities, 
as well as the activities of the macrophages and neutrophils such as phagocytosis, 
respiratory burst, production of nitrogen reactive species, alkaline phosphatase and 
myeloperoxidase activities (Hai 2015, Gobi et al. 2018, Chen et al. 2019b, Tan et al. 
2019, Van Doan et al. 2019b). At gene level, probiotics were also able to stimulate the 
expression of the cytokine genes interleukin-1B (IL-1B) in tilapia, tumour necrosis 
factor-a (TNFa), transforming growth factor-B (TGFB), or heat shock protein 70 
(HSP70) among others. Besides this, dietary administration of probiotics, single or 
combined, resulted in decreased numbers of bacteria in tilapia specimens, signs of 
infection and even partial to complete protection against experimental infections with 
S. agalactiae or A. hydrophila. Interestingly, commercial formulations containing 
probiotics have been used for tilapia culture and demonstrated improved nutrition, 
growth, immunity, microbiota and reproduction (Mehrim et al. 2015, Standen et al. 
2016, Abarike et al. 2018). 

Administered alone, or in combination with probiotics, the application of 
prebiotics to tilapia has been scarcely investigated. Prebiotics are defined as non- 
digestible food ingredients that beneficially affect the host by selectively stimulating 
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the growth and/or activity of one or a limited number of bacterial species already 
resident in the colon, and thus attempt to improve host health (Gibson and Roberfroid 
1995). Therefore, their action 1s indirect and depends on the presence of intestinal 
bacteria, raising the importance in the combination of proper pre and probiotics balance 
(called then symbiotic). In general, prebiotics are fermented by Bifidobacterium spp. 
and Lactobacillus spp. leading to the formation of short-chain fatty acids (SCFAs), 
mainly acetic, propionic and butyric acids, which cause a pH drop in the gut, lead 
to local and systemic health effects and might be absorbed by the host and used 
as energy sources (Gibson and Roberfroid 1995). The benefits of some prebiotics 
including mannanooligosaccharides (MOS), fructooligosaccharides (FOS, or 
oligofructose), short-chain fructooligosaccharides (scFOS), galactooligosaccharides 
(GOS), xylooligosaccharides (XOS) and inulin, in their laboratory or commercial 
formulations, have been demonstrated to promote fish growth, immunity and disease 
resistance in fish (Guerreiro et al. 2018). Very few studies have been addressed in 
this sense in tilapia. Thus, the use of commercial formulations, alginate, b-glucans 
or prebiotics isolated from plants administered by feeding, alone or in combination 
with probiotics, produced increases in the growth in tilapia, feed conversion, innate 
immunity (lysozyme, phagocytosis, respiratory burst, or complement activities) and 
disease resistance against A. hydrophila, A. veronii or S. agalactiae challenge (Table 
1) (Zhou et al. 2011, Widanarni and Tanbiyaskur 2015, Van Doan et al. 2016, 2017, 
Pilarski et al. 2017, Sewaka et al. 2019). 

At present, one of the most promising nutraceuticals for fish farming is the use 
of plants since they could be used to replace fish meal from the fish diets, are readily 
available and affordable to the industry. In this sense, most of the studies focus on the 
use of herbal/medicinal plants, and their extracts, and vegetable oils; however, we will 
only focus on those studies aiming to investigate their immunostimulant potential, 
and not restricted to nutrition. Regarding tilapia species immunity, a vast number of 
medicinal plants and herbs, as a whole or by extracts, have been administered and 
their role in immunity documented: increased leucocyte numbers, lysozyme, MPO, 
phagocytosis or respiratory burst activities, Ig production and disease resistance 
upon bacterial challenge (Table 1) (Gabriel 2019). Some examples of this are Allium 
sativum, Moringa oleifera, Citrus spp., Astragalus membranaceus, Aloe barbadensis, 
Rosmarinus officinalis, Thymus vulgaris, Trigonella foenum graecum, Euphorbia 
hirta, Cuminum cyminum, Pimenta dioica or Echinacea purpurea amongst many 
others. The composition and nature ofthe active compounds, named phytochemicals, 
greatly varies with the plant species, part (roots, leaves, flowers, fruits, etc.), the 
ripeness stage, the extraction procedures, and many other factors. Overall, the active 
compounds consist of polysaccharides, polyphenols, carotenoids, terpenoids and 
alkaloids among others. These substances show potent biological activities such 
as antimicrobial (bacteria, fungi and virus), anti-cancer, antioxidant, analgesic, 
antiparasitic, anti-allergenic, antispasmodic, antihyperglycemic, anti-inflammatory 
and immunomodulatory, which makes them very good candidates for the prevention 
and therapy of several diseases and infections in fish. For example, a transcriptomic 
analysis of genetically improved farmed tilapia (GIFT) fed with resveratrol, a well- 
known stilbene polyphenol, produced a significant alteration in the expression of 
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genes and pathways related to innate immunity and biological processes leading 
to improved immunity (Zheng et al. 2019). At practical level, phytochemicals are 
suggested as therapeutic and preventive agents for aquaculture since these natural 
products might have direct antibacterial killing activities. Thus, extracts of A. sativum 
and Syzygium aromaticum significantly reduced the mortality of tilapia specimens 
infected with antibiotic-resistant Enterococcus faecalis, which demonstrates the 
goodness of phytochemicals to replace or reduce antibiotics in aquaculture (Zheng et 
al. 2019). Further implementation of phytochemicals isolation, characterization and 
application to fish aquaculture is nowadays mandatory for the sector. 

There are many other studies conducted in tilapia species demonstrating the 
use and goodness of nutraceuticals or immunostimulants. Vitamins are necessary 
micronutrients for animals. Vitamins A, C or E are potentantioxidant molecules, which 
when administered to tilapia resulted in improved innate and acquired immunity both 
as well as reversed the negative impact of toxicants or oxidative stress (Michael et al. 
1998, Guha and Khuda-Bukhsh 2002, Hung et al. 2007, Harabawy and Mosleh 2014, 
Guzmán-Guillén et al. 2015, Abo-Al-Ela et al. 2017, Abdel Rahman et al. 2018, 
Alkaladi 2019). Micronutrients such as Se, Zn, Cu, Mn, or Fe minerals are also used 
as immunostimulants for tilapia(Hung et al. 2007). Interestingly, tilapia feeding with 
vitamins or micronutrient minerals resulted in increased nutritive value of the fillets 
destined for human consume, which might be used to improve the human nutrition 
(Farzad et al. 2019). Further studies about the description of immunostimulants in 
tilapia would help to implement preventive strategies for the successful culture of 
this fish species. 


6. Future remarks 


Several aspects are necessary in the farming of tilapia species to be both biologically 
and economically sustainable. One of this is the necessity to raise awareness in 
the producers for fish and farm management protocols to improve welfare and 
biosecurity. This would imply, for example, the control of fish and fish by-products 
trade-off between fish farms and countries, in which policy makers also need to 
implement strategies to help with this objective. 

Other of the fields to investigate is in the knowledge of the pathogens of tilapia 
and in the tilapia-pathogen interactions. In this sense, further studies in the pathogen 
infection processes, target tissues, replication strategies, and spreading/evading 
mechanisms would greatly help to know and control them. For example, generation 
of ‘omic’ tools would help to identify and propose the generation of proper vaccines, 
as the recent complete genome sequence of a TILV isolate obtained from Nile tilapia 
points to (Al-Hussinee et al. 2018). S. galactiae is widely spread in Southeast Asia, 
which causes disease and important economic losses in aquaculture, but has been 
also recorded as a food borne disease causing bacteremia in humans. However, new 
studies are needed to know if the transmission is from aquaculture to humans, or vice 
versa. Furthermore, there are no data if some reservoir (still non-identified) exists. 
Cross-border collaborations in human and animal health are needed to complete the 
epidemiological picture of this disease (Barkham et al. 2019) as in the other tilapia 
diseases. 
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In addition, but greatly connected to this, the understanding of the tilapia 
immune system and its functioning against pathogens is mandatory. However, 
from the applied point of view, there is no great necessity to go further in the study 
of tilapia immune factors, which are similar to other fish species, but it is greatly 
necessary to 1) identify the antigens in the pathogens for vaccine development, and 
ii) to search and identify more and new prophylactics, preferably of natural origin, 
to improve tilapia immunity and reduce the use of antibiotics. Goals obtained in the 
research laboratories related to these aspects would ensure the future existence of 
effective commercial vaccines and treatments to be applied in the tilapia aquaculture 
around the world. 

Finally, genome of several tilapia species is being studied by the Broad Institute 
of MIT and Harvard (https://www.broadinstitute.org/tilapia/tilapia-genome-project). 
The new available data as results of the applications of the *omics techniques to all 
these species of interest in aquaculture will open new challenges and opportunities 
for our understanding and improvement of the culture of tilapia. Furthermore, recent 
developments in bioinformatics could cover the way for new generation selection 
programs in aquatic animal breeding programs. 
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1. Introduction 


In aquaculture, tilapia has become one of the most popular genera of commercial fish 
species. The most cultivated tilapia species is Oreochromis niloticus, which accounts 
for 85% of the world's tilapia production because of its good availability, and its 
numerous productive and reproductive advantages. Tilapia's productive interest lies 
in its rapid growth and good disease resistance (Jalabert 1989, Lapeyre 2008). In 
addition to these productive advantages, several other reproductive aspects make 
tilapia a great species for aquaculture. Firstly, females present high fecundity with 
successive breeding cycles every 2- to 4-week intervals all year round (Tacon et 
al. 2000, Lapeyre 2008). Secondly, tilapia exhibits parental care, which means that 
after fertilization, females hold eggs inside their oral cavities (mouthbrooding) to 
safeguard offspring's survival against predators and other external hazards (Rana 
1988). However, there are other reproductive aspects that compromise fish farming 
protocols and production. On the one hand, tilapia exhibits precocious sexual 
maturation, which may occur at around three months of age depending on both 
environmental conditions and genetic differences (De Silva and Radampola 1990, 
Suresh and Bhujel 2013). Hence, especially in females, high breeding frequency 
involves using most energy reserves to fulfil reproduction needs, which limits muscle 
growth and productive yield (Beardmore et al. 2001). On the other hand, due to 
the asynchronicity of ovarian development, the female gonad involves different 
development stages that make it difficult to control not only her reproductive cycle 
but also, therefore, synchronization of breeding and the capacity of obtaining 
fertilised eggs at will. Moreover, in Nile tilapia, fertility rates depend on both the 
weight (body size) of females and environmental conditions. 

Due to high energy demands for reproduction in females, tilapia aquaculture 
has focused on the production of male-monosex populations (Omasakai et al. 2016), 
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which provides a series of relevant advantages. For instance, monosex production 
allows the control of the reproduction process and both genetic and phenotypic 
variability. Furthermore, the use of monosex populations allows productive 
parameters to be intensified (males grow faster and bigger than females and they 
reach the market size earlier), which optimises the resources used in the tilapia 
industry (i.e. facilities and technical staff) (Beardmore et al. 2001, Pinto et al. 2018). 
The main techniques to obtain monosex populations are based on using thermal, 
hormonal and genetic protocols to perform the sexual reversion of female to male 
during sensitive periods for sexual determinations (Baroiller and Jalabert 1989). 

So as regards tilapia reproduction, knowing in-depth the interaction between 
the genetic and environmental components that establish sex determination is most 
important. In addition, it is essential to know the stages of sexual differentiation and 
the endocrine mechanisms which control the transformation of an undifferentiated 
gonadal tissue into ovaries or testicles, thus establishing the phenotype of the 
adult fish. 


2. Sex determination 


Excellent fish flexibility is also reflected in the sexual determination mechanisms 
found among species of the same genus, and within populations of the same 
species (Trewavas 1983). Sex determination is a process that involves a series 
of mechanisms that establish an individual's gender (male/female). In fish, this 
process is influenced by genetic and/or environmental factors, which give rise to 
genotypic sex determination (GSD) and to environmental sex determination (ESD), 
respectively. The inheritance of sex is determined by sexual factors (related to GSD) 
and environmental effects (related to ESD), which are described in the next sections 
(Ospina-Alvarez and Piferrer 2008). 


2.1. Genetic influence on sex determination 


Genotypic sex determination is the most frequent mechanism in fish species. GSD is 
determined by the major and secondary sexual factors contained in sex chromosomes 
by establishing the main axis of chromosomal inheritance (Guinguen et al. 2019). 
This type of chromosomal inheritance occurs in fish species whose sex chromosomes 
are heteromorphic to the rest (they morphologically differ from other chromosomes). 
Chromosomal inheritance in fish comprises monofactorial systems as XX/XY or WZ/ 
ZZ (formed by a single pair, or multiple pairs, of sex chromosomes) and multifactorial 
systems. The monofactorial system is the commonest in fish in which heterogametic 
sex (sex individual with a different type of sex chromosomes) is only one of the 
sexes, either the male (in XX/XY system) or female (WZ/ZZ system). However, in 
multifactorial systems, both sexes are heterogametic and sex is determined by three 
main factors or more (Devlin and Nagahama 2002). 

The Nile tilapia is probably one of the best-documented sex determination 
systems in fish (Baroiller et al. 2009). Decades ago, the main genetic sex determination 
mechanisms in Nile tilapia were determined thanks to the use of chromosomal 
manipulation techniques (gynogenesis, androgenesis or triploidization) and progeny 
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tests associated with employing hormonal therapies for sex reversion. It was then that 
it was established that O. niloticus presented a monofactorial XX/XY system with 
some particularities (Pruginin et al. 1975). In O. niloticus, as in O. mossambicus, 
heterogametic determination mechanisms are present in the male sex (XX-XY 
system). However, in other species of the same genus such as O. aureus, it is the 
female sex that exhibits heterogametic chromosomes (WZ-ZZ system) (Carrasco 
et al. 1999, Campos-Ramos et al. 2001, Cnaani and Kocher 2008, McAndrew 
et al. 2016). 

In recent years, research efforts have been made to identify the genes and region 
(locus) of the chromosomes that determine sex. To date, several genes have been 
described as master sex-determining genes in different teleost species: doublesex- 
and mab-3-related transcription factor 1 (dmrt1), SRY-box transcription factor 3 
(sox3), gonadal somatic cell-derived factor (gsdf), anti-müllerian hormone (amh), 
sexually dimorphic on the Y chromosome (sdY) and interferon regulatory factor 9 
(irf?) (Guinguen et al. 2019). Although major sex-determining genes have not yet 
been found in tilapia, the use of whole-genome sequencing indicated strong evidence 
for amh as a major gene that controls sex differentiation in Nile tilapia (Caceres 
et al. 2019). Several studies have characterized 13 genes to be sex-linked markers 
(regions) in six different tilapia species (Lee et al. 2003, Shirak et al. 2007, Cnaai 
and Kocher 2008, Rahther et al. 2019). The identification of the candidate genes 
for sex determination was performed in most of these studies by using both linkage 
and physical mappings in the regions with different expression profiles from the 
first early development stages in order to associate the phenotypic sex (gender) with 
specific linkage groups (LGs). Thus in the male heterogametic system of Nile tilapia 
(XY), the major sex-determining regions are described in LG1 and LG23 (Lee at 
al. 2003, Eshel et al. 2012, Li et al. 2015, Conte et al. 2017). For blue tilapia, which 
presents a female heterogametic system (ZW), two sex-determining regions have 
been identified in LG1 and LG3 as sex-specific markers (Campos-Ramos et al. 2001, 
Lee et al. 2004, Bian et al. 2019). However, further studies in this field are needed to 
increase our knowledge so as to identify genomic regions to track sex-linked loci in 
breeding programmes to control the sex of the population's individuals. 

As very high diversity in sex determination mechanisms and multiple sex- 
determining regions have been described for different tilapia species, they are a 
unique model to study not only the genes that determine sex in fish, but also the 
evolutionary origin of sex determination in vertebrates. 


2.2. Environmental influence on sex determination 


Regarding sex determination, some fish possess certain phenotypic plasticity 
(from the same genotype) in initial development stages depending on temperature. 
Nile tilapia's sex is determined by a system composed of three components. Two 
of them are, as described in the previous section, related to genetics and are key 
determining factors of tilapia sex. These include a major and determining locus and 
secondary genetic factors. In Nile tilapia, environmental variables can influence sex 
determination (Baroiller et al. 2009). The main environmental variables to impact the 
sex determination of tilapia are temperature and pH (Baroiller and D'Cotta 2001), 
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while other environmental factors, such as photoperiod and salinity, may also have 
an influence, but have been less investigated (Abucay et al. 1999). 

Temperature is the main environmental factor to influence sex determination 
in most teleost species. Out in the wild, warmer (27?C) or colder (23ºC) water 
temperatures in different geographical locations induce a male or female sex ratio 
in Southern flounder (Honeycutt et al. 2019). In the sex determination of tilapia, 
the impact of temperature has been studied in several tilapia species (Baroiller 
et al. 1995a, b, Wang and Tsai 2000). Nile tilapia development involves several 
thermosensitive periods, which coincide with the periods during which gonadal tissue 
is more sensitive to hormonal stimuli (Rougeot et al. 2008, Baroiller and D’Cotta 
2001, Nakamura 1975, Baroiller et al. 1999). Some research works have aimed to 
determine this thermosensitivity window. Most studies generally agree that thermal 
treatments in the early larval development stages have the strongest effects on tilapia 
sex determination (Kwon et al. 2000, Ijiri et al. 2008, Rougeot et al. 2008, Baroiller 
et al. 2009). Exposure to high temperature (36?C) in the critical sex determination 
stage (9-15 dpf, days post fertilization) for about 10-28 days in Nile tilapia induces 
sex reversal of genotypic XX-females to XX-pseudomales (D'Cotta et al. 2001a, 
b, Kwon et al. 2000, Ijiri et al. 2008, Baroiller et al. 2009). However, exposure to 
lower or higher temperatures prior to that sex determination stage has no effect on 
sex determination (Baroiller et al. 1995a, Tessema et al. 2006, Sun et al. 2018, Zhao 
et al. 2019). Apart from following higher- or lower-temperature protocols, gonad 
development and sex ratio are also influenced by daily temperature fluctuations that 
fish experience in nature (higher temperatures in the daytime, cooler temperatures 
at night), which has been described in several fish species such as zebrafish (Danio 
rerio) (Villamizar et al. 2012) and Senegalese Sole (Solea senegalensis) (Blanco- 
Vives et al. 2011). In these research works, the fish that undergo daily thermocycles 
present higher percentages of females than when facing constant average temperature 
and reverse thermocycles (cooler temperatures in the daytime, higher temperatures 
at night). These results suggest that the thermal sensitivity of sex determination 
mechanisms varied throughout the day, with higher and lower masculinization 
levels after exposures to high temperature at night and in the daytime, respectively. 
Continuing to investigate the chronosensitivity of sex determination genes to heat 
shock could improve the efficiency of masculinization protocols and minimize the 
negative effects derived from high temperatures such as cellular stress, mortality, 
developmental malformations and incomplete masculinization process. 

Although the effect of different temperature regimes on the sex ratio has been 
well studied, very few studies have focused on whether that sensitivity varies 
between breeding pairs (Baroiller and D'Cotta 2001, Tessema et al. 2006). Indeed 
these studies show that maternal and paternal mating patterns strongly influence 
male proportions in temperature-treated progenies, which suggests some heritability 
in thermal sensitivity in Nile tilapia, as well as a significant parental effect on TSD. 

Recently, some authors investigated how high-temperature treatments induce 
sex reversal in Nile tilapia females (Tao et al. 2020, Zhao et al. 2020). They also 
showed the effect of high temperature on the transcriptional changes of dmrt1, gsdf 
and other sex-determination mechanisms. In addition, high temperature effects 
on sex reversal can also be observed molecularly. The main molecular changes 
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were found at the vasa, cyp19al and dmrtl expression levels. Therefore, the sex 
reversal process has been described in morphological terms. Although very few 
morphological changes were observed in early gonad differentiation stages, the 
gonad of XX females acquired the morphological patterns of testis (sperm germ cells 
in different development stages) from 99 dpf. 

GSD is the main sex determination process in Nile tilapia. Hence, the phenotypic 
character of Nile tilapia (sex) is determined by a combination of genomic- 
environmental processes, although temperature can strongly impact the phenotypic 
sex ratio (1.e. temperature-influenced GSD). Temperature treatments can be helpful 
for inducing masculinization, which is actually the preferred method in tilapia 
aquaculture. Moreover, several hormonal agents and techniques have been applied to 
obtain monosex populations (Beardmore 2001). These topics are described in detail 
in Chapter 9 of the present book. 


3. Gonadal development and sexual differentiation 


In tilapia, and also in all vertebrates, gonads are formed from the development of 
primordial germ cells (PGCs) and mesodermal somatic tissue (Bhatta et al. 2012). 
On 3-4 dph (days post hatching), primordial germinative cells, which migrate to the 
developing gonads and lie around the posterior intestine, surround the outer lateral 
plate mesoderm layer and are located in this place after celomic cavity formation 
(Kobayashi et al. 2000, 2002, 2008). These primordial cells start to proliferate in 
females from 9 to 14 dph, whereas their numbers remain constant until day 14 dph 
in males (Ijiri et al. 2008). In this sexually undifferentiated stage, poor blood vessel 
development in the gonadal stroma takes place, along with a few steroid-producing 
cells (Nakamura et al. 1998). After early embryonic development, the migration of 
PGCs leads to gonia formation through successive mitotic divisions. During the last 
of these divisions, a differentiation process through meiosis begins, during which 
gonia become oocytes or spermatocytes (described in detail in the next sections). 
Therefore, the sexual differentiation of tilapia gonads starts in relatively early larval 
stages (between approximately 15 and 30 dph), although complete sexual maturity is 
reached at 3-4 months of age (Yoshikawa and Oguri 1978, De Silva and Radampola 
1990, Strüssmann and Nakamura 2003, Suresh and Bhujel 2013). Several stages 
are involved in the differentiation process, starting with undifferentiated tissues 
and moving to matured reproductive systems for males (testis) or females (ovary). 
Regarding external characters, Nile tilapia presents a clear sexual dimorphism in 
relation to their reproductive structures (Figure. 1). Thus, males have only two 
ventral orifices (anus and genitourinary orifice), while females have three (anus, 
genital pore, urinary pore) (Rana 1988). 


3.1. Testicular morphoanatomy and development 


Testicles are responsible for producing sperm and sex hormones in males. In 
tilapia, testicles are elongated in shape, positioned in the dorsolateral situation and 
joined through the dorsal wall. Babiker and Ibrahim (1979) offered an extremely 
detailed description of male testes in different differentiation and maturation stages. 
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Fig. 1. Sexual dimorphism in female (a) and male (b) Nile tilapia. 


In their studies, the colour and shape of testicles varied depending on the gonadal 
differentiation stage. In initial or immature stages, male tilapia present flesh colours. 
However, when males approach the maturity stages, testes displayed creamy colours 
and occupied the total visceral cavity length. In addition, the spermiduct leaves 
each testicle to reach its joint with the urogenital papilla. Studies performed in 
O. mossambicus (Bhatta et al. 2012) and O. niloticus (Babiker and Ibrahim 1979, 
Nakamura and Nagahama 1989, Melamed et al. 1997, de Graaf and Huisman 1999) 
showed that testicular development stages increase at the same time as body size 
and the gonadosomatic index (GSI) do. Tilapia has a lobular testicular structure-type 
composed of a set of lobes with several cysts. A cyst constitutes the functional unit of 
the testicle, and it is the place where spermatogenesis occurs. In this spermatic cyst, a 
few Sertoli cells and primary spermatogonia are found. After successive mitotic and 
meiotic divisions, these cells give rise to spermatocytes, spermatids and spermatozoa. 
Therefore, in the testicular lobe, spermatocysts loaded with spermatozoa ready 
to be released to sperm can be found in the final stage (Grier and Fishelson 1995, 
Fishelson 2003). 

Testicular development starts around 15 dph. At this point, the gonadal tissue 
that will give rise to the testicular apparatus is distributed along the enteric mesentery 
(Nakamura et al. 1998). Laxed-undifferentiated tissue is composed of PGCs and 
somatic tissue, which will be essential for the formation of the male reproductive 
system. Thus, PGCs will be involved in the synthesis and differentiation of 
spermatozoa. Meanwhile, somatic tissue will be needed to bring about the structural 
and functional basis of germ cells by also forming the seminiferous tubes and 
connective tissue of the testicular apparatus. Between both germ and somatic tissues, 
specialised somatic tissue cells can be found: Sertoli and Leydig cells. While Leydig 
cells will be responsible for the production of sex steroids, Sertoli cells will be in 
charge of structural and nutritional functions, and of phagocytization of cytoplasmic 
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residues and residual germ cells. Sertoli cells are involved in the production of the 
hormones and factors needed for the differentiation, development and survival of 
germ cells. 

The histological changes that take place during testicular development are 
described in detail in O. niloticus (Babiker and Ibrahim 1979, Nakamura and 
Nagahama 1989, Fishelson 2003) and O. mossambicus (Bhatta et al. 2012). Most 
previous research works have divided the Nile tilapia testicular development 
process into seven phases: differentiation, renovation, mitotic proliferation, 
meiotic proliferation, spermiogenesis, spermiation, and sperm maturation. In the 
first phase (15 dph), the differentiation of PGCs to spermatogonial germ cells or 
spermatogonias A occurs (21-23 dph) (Melo et al. 2019). From 25 dph, a space 
begins to form in the cleft of testicular stroma that will form the efferent duct, 
accompanied by a proliferation of epithelial cells (23-26 dph) (Iriji et al. 2008). 
After differentiation, the renewal and multiplication of spermatogonia A occurs. 
These spermatogonia A will proliferate rapidly by successive mitosis divisions, 
which result in different types of spermatogonias B (30-50 dph). In order 
to characterise sexual differentiation in male tilapia, the presence of spermatogonias 
(before meiotic proliferation) and somatic cells has been identified as a marker sign 
(Nakamura and Nagahama 1989, Vilela et al. 2003). Following the beginning of 
meiotic divisions, the transformation of spermatogonias into spermatocytes (first 
meiotic division) and spermatids (second meiotic division) occurs. Spermatids 
undergo morpho-functional maturation during spermatogenesis, which gives rise to 
spermatozoa (Nakamura and Nagahama 1989). During spermatogonial proliferation, 
the increase in Leydig cells is slow. However, Leydig cell numbers start increasing 
rapidly after 70 dph and appear between spermatogonia cysts in interstitial tissue 
(Gier and Fishelson 1995, Nakamura and Nagahama 1989). The breakdown of 
Sertoli cells causes cyst rupture and spermatozoa are released into the lobular lumen 
and spermiducts. On its way through spermiducts, sperm undergoes a capacitating 
process in which it acquires the ability to move and fertilise. From this stage (70 
dph), smaller sized males can reach sexual maturity (14-20 cm). The maturity stage 
is characterised by the marked presence of sperm germ cells in different development 
stages that line sperm ducts as well as Leydig cells groups in interstitial tissue to 
mark the beginning of active spermatogenesis, the production of sex steroids in the 
testicle and, hence, the onset of male fertility. 


3.2. Ovarian morphoanatomy and development 


The ovary is the last effector organ of the female reproductive axis and is responsible 
for regulating the production of viable eggs and sex hormones needed for the ovarian 
development and differentiation process. The ovary of tilapia presents similar 
morphological characteristics to the cystic ovaries of other teleosts (Nagahama 
1983). A detailed visual inspection (appearance, size, shape, colour) during the 
maturity stages of tilapia ovaries has been made by several authors (Babiker and 
Ibrahim 1979, Shoko et al. 2015). In their description, ovaries are small in size 
with a flesh creamy colour in the first immature stages. As maturation progresses, 
ovaries become yellowish in colour, are oval-shaped, and occupy about one third 
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(depending on both size and individuals) of this animal's coelom cavity (Babiker and 
Ibrahim 1979). 

Ovarian development constitutes a highly complex process which is timely 
regulated by both environmental and endocrine pathways. On the first days of 
development, the peritoneum extension leads to the formation of the germinative 
epithelium, from which ovarian follicles form. The tunica albuginea can be found 
below the germinal epithelium, which is characterized as a dense connective tissue 
composed of muscle fibres and blood vessels. The tunica albuginea presents several 
folds (ovigerous lamellae) that are the structural and functional support of follicular 
development. Germ and follicular cells are located in ovarian lamellae, which 1s 
where oogenesis occurs. After oocytes form in ovarian stroma, they are released to 
the lumen of the ovary (Nakamura et al. 1998). 

Histological ovarian morphological changes have been studied in tilapines 
(Ibrahim and Babiker 1979, Nakamura et al. 1998, Coward and Bromage 2000, 
2002). The interest in ovarian structure, morphology and development is reflected in 
the different studies carried out in mouthbreeders, such as O. niloticus (Babiker and 
Ibrahhim 1979, Alves et al. 1983, Tacon et al. 2000), O. mossambicus (Dadzie 1974, 
Bhatta et al. 2012) and O. aureus (Garcia and Philip 1986). In most of these studies, 
the authors describe recrudescence in seven development stages depending on the 
histological morphology characteristics (nucleus, cytoplasm and follicular layer) and 
biochemical properties: oogonic proliferation, oogeneis, folliculogenesis, alveolar 
cortical formation, vitellogenesis, final maturation, and ovulation (Fig. 2). Around 
the first day of ovary development, which occurs between 8-15 dph, proliferative 
germ cells give rise to oogonias. The first sign of morphological differentiation in 
females is the ovarian cavity formation (22-26 dph) (Iriji et al. 2008). Oogonias 
are divided through mitotic phases and give rise to primary oocytes, which are 
surrounded by granulosa cells. These cells are, in turn, surrounded by a cellular 
connective tissue monolayer, also known as the Teca cell layer. Hence, the granulosa 
and Teca layers, together with the oocyte, form the functional complex of the ovary, 
namely, the ovarian follicle. 

After mitotic divisions, two series of meiotic cell divisions occur in the ovarian 
cycle (around 30 dph). In the prophase ofthe first meiotic division, the oocyte nucleus 
is subjected to five successive phases (leptotene, zigotene, pachytene, diplotene, 
and diacinesis) with meiotic arrest. In the first three phases, primary follicle growth 
takes place. After this primary growth, follicle growth is arrested in the diplotene 
stage, in which the follicle undergoes secondary growth. This secondary growth 
is composed of two phases: previtellogenic (early, middle, late) and vitellogenic. 
Previtellogenic stages take place in the first secondary growth phase. In these stages, 
the oocyte increases in size and accumulates mRNAs, nutritional reserves and other 
necessary components for subsequent vitellogenesis, and also for the embryonic 
and larval fertilization and development processes (Nakamura et al. 1998). In early 
previtellogenic stages, the growing oocyte undergoes a series of transformations 
in its nucleus, in which numerous producing ribosomomas nucleoli appear in 
its periphery (perinuclear phase). In this phase, the oocyte begins to synthesise 
ribosomal RNAs, which are transported to the ooplasm to encode the lipids, proteins 
and enzymes involved in vitellogenesis. Following middle and late previtellogenesis, 
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vitello particles assemble the cortical alveoli in the periphery, which incorporate 
glycoproteins as follicular development progresses (cortical alveolar stage). 
Previtellogenesis generally constitutes the first secondary growth stage, when all the 
necessary material is prepared for the second secondary growth stage: vitellogenesis. 
In this stage, the incorporation of plasma proteins of vitello precursor (vitellogenin) 
and lipoproteins occurs. After vitellogenesis, hormonal changes take place that 
trigger the resumption of meiotic arrest in the prophase of the cell cycle to continue 
to final oocyte maturation. It is in this phase when the oocyte nucleus moves towards 
the animal pole ofthe egg and arrests in the metaphase of meiosis II. In this stage, the 
hydration and proteolysis of yolk proteins stimulate oocyte growth. Then a hormonal 
change (mainly peaks in the luteinizing and maturation-inducing hormones) allows 
the cycle to resume by extruding the oocyte away from the follicle complex to 
the lumen of the ovary. The oocyte development cycle finishes with fertilization 
(Nakamura et al. 1998, Devlin and Nagahama 2002). 

When ovarian development ends, the presence of oocytes in all development 
stages marks the beginning of the sexual maturity stage, in which females are able to 
perform the reproduction process and reach first maturity with a small size, and age 
depends on tilapia strains and environmental conditions (Babiker and Ibrahim 1979, 
Trewavas 1983). With Nile tilapia, females are sexually mature at a size of 20-30 
cm and a weight of 150-250 g under natural conditions. However, under intensive 
aquaculture conditions, females mature more quickly and reach first maturity when 
they are lighter (30-50 g) (De Silva and Radampola 1990, de Graaf and Huisman 
1999). During the reproductive period, tilapia ovaries go through an ovarian 
recrudescence period during which the ovary increases in size in the reproductive 
cycle. Hence, the ovarian cycle begins vitellogenesis from previtellogenic stages. 
Eight days after the ovarian cycle starts, the ovary is mostly occupied (60-70%) by 
oocytes in the last development stage (late vitellogenesis/maturing oocytes) (Coward 
and Bromage 1998). In Nile tilapia, the increase in mature oocytes correlates with a 
higher gonadomatic index (GSI) (Babiker and Ibrahim 1979, de Graaf and Huisman 
1999, Melamed et al. 2000). The GSI reaches its highest levels (5.596) on day 14 
after spawning, which indicates its availability to begin new ovulation and, therefore, 
another spawning event (see the next chapter). After ovulation, persistence of ovarian 
follicles (POF) has been described in some tilapia species, although more studies 
are needed to describe their possible steroidogenic functionality regarding mainly 
progestins (Coward and Bromage 2000). The reabsorption of both the oocyte and 
ovarian follicle (atresia) is a frequent phenomenon in tilapia species and an essential 
one to maintain ovarian homeostasis. Although the morphological changes of oocyte 
atresia have been studied in tilapia, the endocrine mechanisms involved in regulating 
the degeneration and reabsorption of ovarian follicles have been less investigated 
(Srisakultiew 1993). 


3.3. Influence of temperature on testicular and ovarian 
development 


The gonadal cycle is influenced by different factors like temperature, salinity (Viera 
et al. 2019) and feeding (Sales et al. 2020). Of these, water temperature is the 
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variable that most affects gonadal development and sex determination (Baroiller and 
D'Cotta 2001, 2009). The temperature effect may differ depending on the species, 
strains or age of tilapia. For instance, high temperatures (37ºC) for long periods (45- 
60 days) lead to the permanent loss of germ cells in ovaries and infertility stages 
in O. niloticus (Pandit et al. 2015). In addition to germ cell thermosensitivity, the 
effect of temperature has also been observed on vitellogenesis. /n vitro studies into 
O. mossambicus hepatocytes have shown greater vitellogenin synthesis at 28°C 
compared to 23°C and 33°C (Kim and Takemura 2003). The effect of temperature on 
the testicular function and spermatogenesis has been investigated by several research 
works. The use of low temperature (20°C) in male Nile tilapia seems to positively 
affect the primary spermatogonia generation by increasing Leydig and Sertoli cell 
proliferation, and conserving the reservoir and renovation of germ cells (Alvarenga 
and Franca 2009, Melo et al. 2016). Other studies have shown that applying high 
temperatures (30-35°C) causes faster germ cell differentiation and spermatogenesis 
(Vilela et al. 2003, Alvarenga and França 2009, Lacerda et al. 2018). However, as 
observed in tilapia females, the application of very high temperatures (36-37ºC) 
provokes deleterious effects on testicular germ and somatic cells, characterised by 
loss of spermatogenic cells in testes (Jin et al. 20192). 


3.4. Endocrine control of sexual differentiation 


In the last decade, research into Nile tilapia reproduction has focused on identifying 
the factors involved in sex determination and differentiation. Gonadal transcriptome 
and microRNAs analyses have indicated that the main sexual steroids and expression 
patterns of the genes that encode stereidogenic enzymes play an important role in 
processes such as gonadal development and sexual differentiation (Fig. 3) (Yoshiura 
et al. 2003, Ijiri et al. 2008, Tao et al. 2013, 2018, Eshel et al. 2014, Wang et al. 2016). 

Regardless of an individual's genotype, the involvement of androgens 
and oestrogens in the sexual differentiation process results in the individual's 
masculinization or feminization, respectively (Yamamoto 1969). The proportion of 
androgens and oestrogens during stereidogenesis is determined by the key enzyme 
aromatase (Cyp19), which catalyses the conversion of androgens into 17p-Estradiol. 
Two genes (gonadal aromatase, cyp/9a and brain aromatase, cyp19b), which encode 
this enzyme, have been described in many fish species, including Nile tilapia (Chang 
et al. 2005, Piferrer and Guinguen 2008). In ovaries, cyp/9a is expressed from the 
first days of life (5 dph), and its expression continues to exponentially increase during 
ovarian differentiation (9-19 dpf) (Tao et al. 2013, 2018). Moreover, an increase 
in cyp/9a levels has been linked with fish feminization (D’Cotta et al. 2001a, b). 
Blocking this enzyme during sensitive periods to temperature or aromatase inhibitors 
leads to the inhibition of oestrogen synthesis, which results in masculinization (male 
sex reversal) (Baroiller et al. 1995b, 2009, Kwon et al. 2000, D’Cotta et al. 2001a, 
Tessema et al. 2006, Sun et al. 2014, 2018). In addition to Cyp19, other transcription 
factors have been identified to play a role in tilapia ovarian differentiation. To date, 
the latest studies have also considered Foxl2 (forkhead transcriptional factor L2) 
to be a marker of female sexual differentiation in undifferentiated stages of fish 
(Kobayashi et al. 2004, Wang et al. 2007). As observed for cyp19a, foxl? expression 
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Fig. 3. Diagram of the factors involved in the sex determination and differentiation of Nile 
tilapia. Sex determination causes the differentiation of an undifferentiated gonad. Following 
PGCs proliferation, certain transcription factors and stereidogenic enzymes participate in 
gonadal differentiation. In tilapia, the main factors of ovarian and testicular differentiation are 
Cyp19a and Dmrt1, respectively. The presence of oestrogens in females triggers differentiation 
in the ovary. In contrast, the presence of androgens is the result of testicular differentiation. 
The solid lines indicate stimulation, while the dashed lines indicate inhibition or suppression. 
The transcription factors that participate in the differentiation pathways are surrounded by 
circles. GSD, Genotipic Sex Determination; ESD, Environmental Sex Determination; PGC, 
Primordial Germ Cell; Ers, Oestrogen receptors; Ars, Androgen receptors. Modified from 
Piferrer and Guinguen (2008), and adapted to Nile tilapia. 
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is higher in females than in males on 9 dpf. After this day, fox/2 levels begin to 
sharply rise in XX females, which correlates with cyp/9a levels (Wang et al. 2007, 
Iriji et al. 2008). Foxl2 seems to induce cyp/9a expression. This might explain why 
the levels of both genes increase in parallel. In addition to fox/2, the role of other 
transcription factors like Daxl (dose-sensitive sex reversal, adrenal hypoplasia, 
a critical region in the X chromosome) and Ad4BP/SF-1 has been studied. Dax1 
has been suggested to suppress testicular differentiation which would, in turn, 
stimulate ovarian differentiation (Wang et al. 2002, Baroiller at al. 2009). Role 
of Ad4BP/SF-1 in the regulation of stereidogenic enzymes and the stimulation of 
aromatase transcription has been suggested, but more research 1s necessary (Yoshiura 
et al. 2003). 

Oestrogens play a leading role as inductors of ovarian differentiation. However, 
androgens are a product of testicular differentiation (Tao et al. 2013). Thus, the 
increase in androgen levels (11-ketotestoterone, 11-K T) and P450c 11B-hydroxylase 
enzyme (responsible for synthesizing the 11-KT precursor) are the result, and not 
the cause, of testicular differentiation (Baroiller and D'Cotta 2001, Sudhakumari 
et al. 2005, Ijiri et al. 2008, Zhang et al. 2010). Several transcription factors have 
been suggested to be involved in the pathway of differentiation to tilapia testis. 
Dmrt1 (Doublesex and mab-3-related transcription factor 1) may be the main factor 
involved in testicular differentiation as it seems to suppress cyp/9a expression and 
oestrogen synthesis in O. niloticus (Shirak et al. 2006, Ijiri et al. 2008, Kobayashi and 
Nakamura 2009, Wang et al. 2010, Tao et al. 2013, 2018, Rather et al. 2019). Other 
factors, such as Amh (antimüllerian hormone), Sox9 (the HMG-box protein 9 gene 
related to Sry) and Igf3 (insulin-like growth factor 3) are involved in DmrtI regulation 
and may also play an important role in testicular differentiation. For instance, Dmrt1 
stimulates the expression of Sox family members such as sox30 and sox9, which 
are involved in both the development of testis efferent ducts and the spermiogenesis 
process (Tang et al. 2019). In relation to Amh, it also plays a central role in gonad 
development and spermatogenesis. Several studies also indicate a role of sox9 in the 
transcription of amh in tilapia as both expression levels increase in parallel for 10-15 
dpf (days post-fertilization), with the highest levels in XY males on 20-25 dpf (Da 
Cotta et al. 2001, Iriji et al. 2008, Kobayashi et al. 2008). Igf3 has also been reported 
as a decisive factor in tilapia late spermatogenesis as it is regulated by androgens 
and intervenes in regulating the spermatocyte to spermatid transition (Li et al. 2020). 

Finally, sex steroid receptors may also play an important role in the signalling 
pathway of sexual differentiation. Oestrogen (Esrl, Esr2a, and Esr2b), androgen (Arl 
and A12) and progestin receptors (Pgr) have even been detected in first development 
stages in tilapia (Gale 1996, Chang et al. 1999, Sudhakumari et al. 2005, Wang et al. 
2005, Tao et al. 2013). Recently, other markers and genes involved in developmental 
processes, such as nanos, piwil, dnd, vasa and pum, appear to be implicated in the 
specification and maintenance of PGCs during Nile tilapia's ontogenic development 
(Kobayahashi et al. 2002, Jin et al. 2019b). 

The previous factors involved in controlling steroidogenesis and gonadal 
function presented seasonal and daily changes in the gene expression synchronized to 
light: dark cycles, as reported in several teleost species like zebrafish (Di Rosa et al. 
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2016, Paredes et al. 2019), Senegalese Sole (Oliveira et al. 2009) and Nile tilapia (De 
Alba et al. 2019). In addition to light cycles, studies performed in zebrafish revealed 
the influence of daily and seasonal temperature changes on the stereidogenesis 
pathway and the reproduction process (Villamizar et al. 2012). These recent findings 
highlight the rhythmic nature of the mechanisms that intervene in the sexual 
differentiation of fish, as well as the influence of light and temperature cycles on 
their expression patterns. 


4. Concluding remarks 


Sex-determination genes are less conserved in fish compared to other vertebrates 
like mammals. Molecular markers and whole sequencing genomes are effective in 
identifying and isolating the loci related to GSD. Thanks to the genetic conservation 
of sex determination in tilapia, this species has been characterized as a relevant model 
for identifying the genes involved in the morphological, molecular and biochemical 
aspects of gonadal development and differentiation. Transcriptomic and microarrays 
analyses are very useful tools for studying the impact of hormonal and temperature 
protocols on the reproductive physiology of tilapia. 

The expansion of aquaculture and the introduction of new species highlight the 
need to continue to strive to know the mechanisms that control the sex determination 
and differentiation of fish species. Tilapia aquaculture also requires better knowledge 
about techniques based on controlling the genotype and sex ratio of populations. 
Selecting productive characteristics of both sexual phenotypes will guarantee 
improvements in the tilapia industry's productive and reproductive efficiency. 
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1. Introduction 


The input of environmental information finely tunes the activation of the brain 
neuroendocrine machinery that triggers the hormonal cascade, which leads to 
the reproduction process (Yaron and Levavi-Sivan 2011). Although different 
neuroendocrine systems have been identified in fish reproduction, the Brain- 
Pituitary-Gonadal-Liver axis (BPGL axis) is the main mechanism to control fish 
reproduction (Figure 1). At each level of this system, a series of key factors intervene 
from gametogenesis to the release of high quality gametes ready for fertilization. 
Environmental information is collected by a series of chemical receptors located in the 
olfactory epithelium, which are photoreceptors in the retina and in the pineal organ. 
These structures receive light signals (day/night cycle and day length) and transduce 
them into electrochemical and humoral (melatonin) signals. Specifically, the pineal 
gland acts as an intrinsic main clock that intervenes in the periodic regulation of 
melatonin secretion (higher production at night), whose function is to modulate and 
synchronize biological rhythms, mainly in peripheral tissues (Falcon et al. 2007). 
Thus, environmental stimuli arrive at the hypothalamus through sensory neuron 
pathways. In this region, stimulus-sensitive neurosecretory cells are responsible for 
releasing a neuropeptide that plays a primary role in reproduction: the gonadotropin- 
releasing hormone (Gnrh). This hormone acts primarily on the glandular pituitary 
gland (adenohypophysis) by stimulating the synthesis and release of gonadotropins 
into the bloodstream. These gonadotropins stimulate the production of steroid 
hormones at the gonadal level by acting as last effectors of gamete development and 
release. The gonadal steroids exert feedback effects in the pituitary and the brain that 
modulate gonadotropins and neuropeptides secretion (Yaron et al. 2001; Weltzien et 
al. 2004; Yaron and Levavi-Sivan, 2011) (Figure 1). 

Better and integrative knowledge of the environmental, physiological and 
neuroendocrine factors that regulate the reproductive physiology of tilapia is needed 
to improve the breeding protocols established in tilapia aquaculture. 
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Fig. 1. Schematic representation of the Brain-Pituitary-Gonadal (BPG) axis of fish. 
Gnrh — Gonadotropin releasing-hormone; Fsh — follicle-stimulating hormone; 
Lh - luteinizing hormone. 


2. The brain-pituitary-gonadal axis 


2.1. Brain neurohormones 


The brain plays its role at the highest level of the reproductive axis in fish (Figure 2). 
Itis responsible for receiving, modulating and transducing environmental stimuli into 
neurohormonal signals that act at the following levels involved in the reproduction 
process. Other neuroendocrine systems of the BPGL axis considerably influence fish 
reproduction, such as the dopaminergic system, kisspeptins and the gonadotropin 
inhibitory hormone (Gnih) (Cowan et al. 2017). Moreover in recent years, other 
neuropeptides, such as Neurokinin B, have become important in tilapia reproduction 
(Biran et al. 2014). 
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Gnrh is a decapeptide that belongs to a family with high structural conservation 
on the phylogenetic scale. The influence of this neurohormone on stimulating the 
secretion and release of gonadotropins in the pituitary gland is well-known (Yaron 
et al. 2001). Three Gnrh isoforms have been characterized, which present different 
stimulation levels ofthe pituitary gland. Gnrh effects are elicited through binding to the 
specific Gnrh receptors present in the membrane of adenohypophyseal gonadotropic 
cells (Chen and Fernald 2008). These receptors are distributed throughout the body, 
but can be found mainly in gonadotropic and somatotropic cells of the pituitary gland 
and in extrahypophyseal tissues. In addition, the number of receptors is not constant, 
but shows variations depending on the reproductive cycle phase (Parhar et al. 2002). 
With tilapia, several studies have characterized the main Gnrh isoforms and their 
respective receptors (Parhar et al. 1997, Weber et al. 1997, Soga et al. 2005). On the 
one hand, in the tilapia brain, Gnrhl neurons (seabream Gnrh, sbGnrh) have been 
described in the preoptic area of the hypothalamus and in the pituitary (Parhar et al. 
1998). On the other hand, Gnrh2 (chicken Gnrh-II) and Gnrh3 (salmon Gnrh-III) 
neurons have been detected in the midbrain tegumentum and in the terminal nerve, 
respectively, and both areas are related to the modulation of reproduction, feeding 
and behavioral processes (Weber et al. 1997). Different studies have revealed the 
main role of sbGnrh on the regulation of gonadotropin production by describing the 
direct effect of sbGnrh on LHB expression in cultured pituitary cells of tilapia hybrids 
(Melamed et al. 1996). Other functions attributed to Gnrh forms are mating and 
nesting, and stimulating the secretion of prolactin and somatolactin in Oreochromis 
mossambicus (Weber et al. 1997). The expression of Gnrh-receptors in tilapia has 
been described for the Gnrh-1, Gnrh-2 and Gnrh-3 neurons (Levavi-Sivan et al. 
2004, Soga et al. 2005). In addition, their distribution and expression depend on the 
sexual maturity state and sex, with a higher expression in mature females than in 
males (Parhar et al. 2002, Levavi-Sivan et al. 2004, Martínez-Chávez et al. 2008). 

Another key factor that plays an important role in the reproduction axis of 
vertebrates is the Kisspeptin system. Its stimulatory influence on the neuroendocrine 
regulation of reproduction has been described in various species, whose function and 
potency depend on the species. The teleost kisspeptin system was first described in 
Nile tilapia (Parhar et al. 2004). Although there are two kiss isoforms in most teleost 
fish (Servili et al. 2011), in tilapia Kiss2 is the only isoform to have been identified 
(Parhar et al. 2004). Kiss2 expression has been detected in the brain, pituitary and 
gonad in both tilapia sexes, where it seems to perform an important function in early 
gonadal maturation (Park et al. 2012). In addition, its expression depends mainly 
on the ovarian cycle stage of female tilapia, with the highest levels in immature 
stages compared to mature and post-ovulatory stages. Park et al. (2016) proved 
its stimulatory effects at all levels of the tilapia reproductive axis, its participation 
in the synthesis and release of Gnrh, follicle-stimulating hormone (Fsh), Lh and 
sex steroids. 

The stimulatory influence of Neurokinin B (Nkb) on tilapia reproduction 
was discovered in the last decade (Biran et al. 2012, 2014, Jin et al. 2016). Nkb is 
located in different neuronal hypothalamus complexes, although the expression of its 
receptors appears in Lh cells during the Lh surge prior to ovulation, which suggests a 
role of this neuropeptide in the final maturation step of oocytes (Biran et al. 2014). In 
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addition, the intraperiotoneal Nkb administration has stimulatory effects on pituitary 
gonadotropins (direct effects) and all the Gnrh variants (indirect effects due to Gnrh 
neuron activation) in the brain (Biran el al. 2014). Mizrhai et al. (2019) has recently 
described how receptors of Nkb are co-expressed in GnrH neurons. 

In addition to the previous stimulatory systems, there are other neuroendocrine 
systems, such as dopamine and Gnih, which act as negative effectors of the BPGL 
axis. The dopaminergic system acts as the major antagonist of the Gnrh system by 
inhibiting the secretion of adenohypophyseal hormones and blocking reproduction 
processes (Beaulieu and Gainetdinov 2011). This inhibitory effect has been described 
in several freshwater fish species, but not in marine species, for which no negative 
effects have been clearly defined (Prat et al. 2001). With tilapia, dopamine agonists 
show an inhibitory in vivo and in vitro effect on the synthesis of Gnrh receptors as 
well as on Fsh and Lh release (Levavi-Sivan et al. 2006, Biran et al. 2014). The 
functional role that dopamine exerts on the regulation of gonadotropins in tilapia 1s 
explained by not only the anatomical location of its dopamine fibers, but also by the 
high specificity of dopamine through its D2-like receptors present in the Lh cells of 
the adenohypophysis (Jiang et al. 2016). 

The existence of the dodecapeptide GnIH was discovered for the first time in 
birds (Tsutsui et al. 2000), but it has also been found in vertebrates and invertebrates, 
which suggests a high degree of phylogenetic conservation. The wide distribution of 
GnIH cells and fibers throughout the brain and pituitary, as well as their proximity 
to GnRH cells, suggest that this peptide plays a key role as a neuromodulator at 
the brain level (Mufioz-Cueto et al. 2017). In some vertebrates, especially birds and 
mammals, GnIH seems to present an inhibitory effect on the synthesis and release 
of hypothalamic GnRH and pituitary gonadotropins (Mufioz-Cueto et al. 2017). 
However, in fish, as the role of Gnih remains unclear, more studies in this line are 
necessary. In tilapia, Gnihorthologs have been described in females (Ogawa et al. 
2016). It has also been observed that the effects that Gnih has on the pituitary seem 
to be species-dependent by stimulating or inhibiting the release of gonadotropins. 
Unlike what happens with other species, intraperitoneal Gnih administration to 
tilapia stimulates Fsh and Lh production (Biran et al. 2014). Hence, further studies 
are required to clearly elucidate the role of Gnih in the tilapia reproduction system. 

The few above-mentioned studies reflect the role of the brain as a system 
capable of integrating sensory and neuroendocrine information to trigger stimulatory 
or inhibitory responses to neurohormones of the following BPGL axis levels that 
lead to reproduction. Hence, the importance of continuing to investigate other factors 
involved at the brain level and regulate reproduction in tilapia and, thus, improve its 
reproductive management, thanks to the development of hormonal protocols that 
guarantee optimal reproduction control of tilapia in captivity, should be noted. 


2.2. Pituitary hormones: Gonadotropins and their receptors 


The second BPG axis level involves the neuroendocrine system of the brain, mainly 
Gnrh, by regulating the stimulations of adenohypophysis cells. These gonadotropic 
cells are responsible for the synthesis and release of gonadotropins that will 
participate in different reproduction processes, such as GthI and GthII, which were 
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first described in salmon (Yaron et al. 2003) (Figure 2). Later they were called 
follicle-stimulating, Fsh, and Luteinizing Hormone, Lh, because they shared their 
structural and functional characteristics with tetrapod gonadotropins (Levavi-Sivan 
et al. 2010). These gonadotropins are formed by two subunits: a common subunit, 
named the glycoprotein hormone a subunit (Gpo), and two p subunits that are specific 


sbGnrh cGnrh sGnrh 


Hypothalamus 
Gnrh receptor (Gnrh R) 


Gnrh RII Gnrh RIII 
Pituitary iho 


Lh 


Cholesterol ———> Pregnenolone Progesterone 


mE 
: 
208-Hsd 17OH-Progesterone [ Cywr7 ] 


a 
17a, 20p-DHP 


— | Cypida o, 


E2 


T 
[p-us | 


11-KT 


Vitellogenin Vtg 


Fig. 2. Factors involved in the Brain-Pituitary-Gonadal-Liver (BPGL) axis of tilapia, 
including the synthesis pathways of sex steroids in gonads. Continuous and dashed arrows 
indicate stimulation or inhibition, respectively. Gnrh, gonadotropin releasing-hormone; Gnih, 
gonadotropin inhibitory hormone; Kiss2, Kisspeptin2; Fsh, follicle-stimulating hormone; 
Lh, luteinizing hormone; StAR, steroidogenic acute regulatory protein; E2, 17a-estradiol; 
T, testosterone; 11-KT, 11-ketotestosterone; Amh, Anti-Müllerian Hormone; Ar, androgen 
receptor; Er, estrogen receptor; Pgr, progestin receptor. For the abbreviations of other enzymes 
from the sex steroid pathway, please check the text. Scheme adapted to tilapia (see references 
in the text) from the medaka BPGL axis depicted by Saunders et al. (2015). 
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to each hormone (Fshf and Lhf), which are those with specific biological activity 
(Levavi-Sivan et al. 2010). The role of Gths and their receptors focuses mainly on 
stereidogenesis stimulation and gonadal development in testis and ovary (Yan et al. 
2012). In fish, the action of gonadotropins is mediated through the binding with their 
receptors, known as Lhr and Fshr. The expression of both receptors has been observed 
at the gonadal level, mainly in Sertoli cells. However, only fshr expression appears 
in Leydig cells, and this expression presents a differential pattern depending on the 
gonadal development phase. Thus, fshr expression increases during vitellogenesis 
and spermatogenesis, whereas [hr expression increases during maturation and 
gamete release (ovulation/spermiation) (Kwok et al. 2005, So et al. 2005). 

In Cyprinids, a high degree of conservation in the Gths sequence has been 
observed. Specifically in tilapia, the existence of fshf (Rosenfeld et al. 1997, 2001, 
Yaron et al. 2001) and /Af genes (Rosenfeld et al. 1997, Elizur et al. 2000) has been 
reported. Parhar et al. (2002) and Kasper et al. (2006) have described f subunits of 
both gonadotropins, which are specially located in the pars distalisproximalis and 
peripheral regions of the pars intermedia of the pituitary gland of Nile tilapia, as 
with most teleosts (Weltzien et al. 2004). These subunits have also been determined 
in plasma, thanks to the development of specific enzyme-linked immunoabsorbent 
assays (Aizen et al. 2007a). In vivo and in vitro studies conducted with tilapia have 
shown a direct effect of Gnrh on the increased secretion of pituitary Lhf and FshB, 
and a time-dependent increase in the mRNA levels of these hormones (Levavi- 
Sivan and Yaron 1993, Melamed et al. 1996, Gur et al. 2000, Aizen et al. 2007b). In 
Nile tilapia, as in many teleosts, two gonadotropin receptors have been identified, 
with fshr expression found in Sertoli cells and oocyte granulose cells during 
vitellogenesis, while /hr is present in Leyding cells and mature oocytes (Oba et al. 
2001). The location of gonadotropins and their receptors indicates the functionality 
of Fsh and Lh in the reproductive physiology of tilapia. In females, gonadotropins 
regulate processes related to vitellogenesis, oocyte maturation, and ovulation and 
steroid secretion, while they regulate spermatogenesis, spermiation and testicular 
steridogenesis in males (Yaron et al. 2001, 2003) (described in the sections below). 


2.3. Gonadal hormones 


The gonadal level is the last fish reproductive BPG axis step. At this third level, 
gonadotropins regulate the expression of the gonadal genes involved in the synthesis 
of sex steroids (androgens, estrogens, progestins) (Figure 2), and in the production 
of other growth-related factors (Tokarz et al. 2015). These factors are necessary 
for the differentiation and cell proliferation of gonads, and they also establish 
negative feedback by regulating the brain and pituitary levels of the reproductive 
axis (Yaron and Levavi-Sivan 2011). All steroid hormones derive from a common 
precursor, cholesterol, which is assimilated by gonadal cells, thanks to the action 
of the steroidogenic acute regulatory protein (StAR), and is converted into 
pregnenolone via cytochrome p450 (Cyplla). In Nile tilapia, two StAR isoforms 
(StARI and StAR 2) have been described to play different roles during gonadal 
development (Yu et al. 2014). On the steroidogenesis pathway of teleosts, numerous 
enzymes participate that gives rise to three types of steroids with 18, 19 and 20 
carbon atoms, named estrogens (D-estradiol or E2), androgens (11-ketotestosterone 
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or 11-KT and Testosterone) and progestins (17, 20, 21-trihydroxy-4-pregnen-3-one 
or 20B-S and 17a, 20p -dihydroxy-4-pregnen-3-one or DHP) (Figure 2) (Tokarz 
et al. 2015). According to Wang et al. (2016), the key stereidogenic enzymes are 
Hsd3f2 (participates in the conversion of pregnenolone into progesterone) and 
Cypl7 (converts progesterone into 17OH-Progesterone). In addition, enzymes 
20pHsd, 11BHsd and Cyp19 are essential for the synthesis of the main male and 
female sex steroids, respectively (Figure 2). In females, E2 1s the main estrogen, 
while 11-KT is the chief androgen in males (Ijiri et al. 2008). In addition, both sex 
steroids (T and E2) can be synthesized from androstenedione, which also exerts its 
own functions on reproduction. Other hormones like progestins have been related 
to processes associated with gonadal maturation (MIS, maturation-inducing steroid) 
and socio-reproductive factors (Chattoraj et al. 2009). Finally, sex steroids bind to 
their corresponding receptors in the gonad and liver to stimulate the synthesis and 
release of yolk proteins (Vitellogenin, Vtg, and Egg Yolk-Proteins) required for egg 
development. In tilapia, sex steroids exert these effects through binding different 
types of androgen (Arl and A12), estrogens (Erl, Er2a and Er2b) and progestin 
receptors (Pgr) (Wang et al. 2005, Tao et al. 2013) (Figure 2). 


3. Neuroendocrine regulation of reproductive cycles 


The control of both gametogenesis and gamete release processes involves a set of 
neuroendocrine processes located at four different levels (brain-pituitary-gonad- 
liver) of the reproductive axis in tilapia. As described in previous sections, the 
biological activity of hypothalamic systems plays a direct (gonadal) and indirect 
(pituitary) role in the development of tilapia gametes, and ultimately in spermiation 
and ovulation. 


3.1. Endocrine regulation of spermatogenesis and spermiation 


As in most teleost species, the endocrine control of testis development is essential 
during the spermatogenesis and spermiation processes. Thus, both gonadotropins and 
sex steroids play a critical role in the stimulation of each testicular development stage: 
germ cell differentiation to spermatogonia, spermatocytogenesis (spermatogonial 
renewal and proliferation), meiosis (from spermatogonia to spermatocytes and 
spermatid), spermiogenesis (from spermatid to spermatozoa), spermiation and sperm 
maturation. As sperm production in Oreochromis niloticus and Oreochromis aureus 
seems to continue throughout the year under natural environmental conditions 
(Hyder 1972), the research aim has barely focused on studying the endocrine 
mechanisms that regulate spermatogenesis and spermiation. Thus, studies on male 
plasma sex steroids and gonadotropins in O. niloticus are still scarce compared 
to other fish species, which means that whether they present variations during the 
reproductive cycle has not yet been confirmed (Shawky et al. 2018, De Alba et al. 
2019). Nevertheless, plasma sex steroids change throughout the reproductive cycle 
in males of O. mossambicus (Cornish 1998). So it is necessary to further investigate 
the dynamics of the hormonal profiles that regulate spermatogenesis and spermiation 
to improve our knowledge of male reproduction. 
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In early development stages, E2 and its receptors appear to enhance the renewal 
and proliferation of primary spermatogonia in testis through mitotic divisions 
(Schulz and Miura 2002). After spermatogonial proliferation, the secretion of both 
gonadotropins Fsh and Lh triggers the onset of meiotic division, which leads to the 
beginning of spermatogenesis (gonadotropic stimulation). Lack of such gonadotropic 
stimulation can inhibit spermatogonial divisions and, consequently, spermatogenesis 
(Nakamura and Nagahama 1989, Kobayashi and Nakamura 2009). In most teleost 
species, spermatogenesis is regulated mainly by Fsh and androgens (11-KT), while 
the spermiation and sperm maturation processes are regulated by Lh and progestins 
(DHP). These premises coincide with a research work performed in tilapia, which 
showed increased tilapia expression levels for fshf, /hf and their receptors during 
spermatogenesis and spermiation (Yan et al. 2012). The main role of Fsh in tilapia 
spermatogenesis has been described as Fsh acts through its receptors (Fshr) on 
Sertoli cells to produce growth factors (Activin B, Igf-1), and also on the Leydig cells 
responsible for producing sex steroids (11-KT and DHP) (Oba et al. 2001, Vilela et 
al. 2003, Kobayashi and Nakamura 2009). The synthesis of growth factors has also 
been described to be stimulated by the role of 11-KT in Sertolicells (androgenic 
stimulation). In this way, 11-KT has been characterized from the spermatogonial 
proliferation period to spermiogenesis (Nakamura and Nagahama 1989, Wang 
et al. 2016). 

On the male gonadal stereidogenic pathway, the participation of Lh in sperm 
maturation and release should also be considered. Plasma Lh were found at 
basal levels during early tilapia spermatogenesis, which began to increase during 
spermiation. In addition, the male /h expression in male tilapia pituitary presented 
parallel fluctuations to fsh expression levels (De Alba et al. 2019). Moreover, the 
stimulatory effect of Lh and 11-K T on Leyding cells has been reported to trigger DHP 
production (Oba et al. 2001). Jn vivo studies in Nile tilapia show the essential role of 
DHP in spermatogonial cell proliferation (meiotic divisions) and spermatogenesis by 
intervening in spermiation, final sperm maturation (morpho-functional changes) and 
sperm motility enhancement (Oba et al. 2001, Fishelson 2003, Liu et al. 2014). In the 
pre-spermiation stage, tilapia males present swollen, reddish and prominent genital 
papilla and a reddish coloration pattern, which indicate their readiness to mate (Rana 
1988) (Figure 3A, B, E). Fsh and Lh levels in plasma increase in correlation with 
testicular growth from early testicular development stages (early spermatogenesis) 
to spermiation (Melamed et al. 2000). After spermiation, gonadotropins levels 
drop considerably and rise again as the reproductive cycle progresses toward 
spermatogenesis and spermiation. 


3.2. Endocrine regulation of ovarian development 
and spawning 


In females, neuroendocrine coordination is established mainly by gonadotropins, 
estrogens and progestins, which regulate the dynamics of different ovarian 
development stages, which trigger ovulation and the release of eggs. The hormonal 
profiles of reproductive factors of female tilapia have been reported in detail for each 
ovarian development stage in O. niloticus (Srisakultiew 1993, Rothbard et al. 1991, 
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Fig. 3. Macroscopic differences of genital papillas of Nile tilapia during non-breeding and 
breeding periods. Male (A) and female (C) papillas during non-reproduction periods. Male 
(B) and female (C) papillas during breeding periods. The reddish coloration pattern can also 
be observed on most of the body's ventral part length (E). 
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Tacon et al. 2000, Biswas et al. 2005, Lapeyre 2008, Shawky et al. 2018, Ortiz et 
al. 2017) and O. mossambicus (Cornish 1998, Smith and Haley 1988) (Figure 4). 
Endocrine factors exert their role in specific ovarian development stages: oogonial 
mitotic and meiotic divisions, previtellogenesis (early, middle, late), vitellogenesis, 
oocyte maturation and ovulation. 


Hormone (ng/ml) 


Days after spawning 


Fig. 4. Representative fluctuations of the plasma levels of the hormones involved in the 

reproductive cycle of Nile tilapia females in a 12:12LD cycle. Hormonal levels (ng/ml) were 

corrected by adjusting the Y axis: E2 (x1), T (x2), Fsh (x5), Lh (x3), PRL (x2), DHP (x8) 

and Vtg (x5). The gray area indicates the natural spawning period of Nile tilapia. Hormone 

levels are as obtained from several research works performed with Nile tilapia (Tacon et al. 

2000, Melamed et al. 2000, Biswas et al. 2005, Aizen et al. 2007a, Ortiz et al. 2017, Shawky 
et al. 2018). 


Although very little is known aboutthe endocrine control of the first previtellogenic 
phases, E2 and DHP have been described to be the main regulators of the mitotic and 
meiotic divisions of oogonies. However, androgens (T) acquired an additional role 
during oocyte development (Miura et al. 2007). A rapid increase in both E2 and T on 
the first cycle days is associated with an accelerated vitellogenic process. In tilapia, 
as in most teleost species, vitellogenesis is regulated mainly by estrogens and Fsh. 
An increase in the plasma levels of E2 induces the hepatic synthesis of Vtg and the 
oocyte incorporation of vitello protein precursors from plasma (Van Bohemen et al. 
1982). Thus, plasmatic E2 and VTG levels run in parallel during previtellogenesis 
and vitellogenesis. In addition, the stimulatory effect of Gths on E2 synthesis has 
been suggested as higher levels of gnrhs and gths mRNA coincide with higher 
estradiol plasmatic levels in females upon vitellogeneis (Bogomolnaya et al. 1989, 
Melamed et al. 2000, Levavi-Sivan et al. 2004). In addition, the possible influence 
of tilapia testosterone as a precursor to E2 (Tacon et al. 2000, Ortiz et al. 2017) 
and the gonadotropin stimulator (Melamed et al. 1997) on ovarian development has 
been suggested. 
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Although the role of Fsh during vitellogenesis in stimulating the follicular 
production of E2 has been well characterized in tilapia, it would seem that Lh could 
also play an important role in early oogenesis (primary and secondary vitellogenesis 
phases) as the parallel fluctuations of both fshf and /hf expressions and plasmatic 
levels in each sex have recently been described in O. niloticus (Melamed et al. 2000, 
Biswas et al. 2005, Aizen et al. 2007a, b, Ortiz et al. 2017, De Alba et al. 2019). 
According to Aizen et al. (20072), the increase in Fsh occurs on the first few days 
after a new cycle starts, although Lh peaks have also been reported on ovarian cycle 
days 11-13 (Bogomolnaya et al. 1989, Rothbard et al. 1991). In short, both Lh and 
Fsh appear to have a stimulatory effect on the oocycte incorporation of plasmatic E2 
and Vtg levels (Ortiz et al. 2017). These results suggest that gonadotropins are good 
indicators of spawning and recovery periods in Nile tilapia. 

After vitellogenic growth, Lh and progestins (DHP) have been characterized as 
being the main regulators of oocyte final maturation and ovulation in tilapia (Tacon 
et al. 2000, Aizen et al. 2007a). In Nile tilapia, the highest Lh levels in plasma have 
been observed immediately before ovulation by stimulating the follicle to produce 
several progestins that induce oocyte final maturation (Levavi-Sivan et al. 2006, 
Aizen et al. 2007b. The peaks in the plasma levels of DHP and MIH (Maturation- 
inducing hormone) have been described immediately before spawning, which 
suggests their influence on the control of oocyte maturation and ovulation (Tacon 
et al 2000, De Alba et al. 2019). During the pre-spawning period, females present a 
swollen belly and genital papilla (Figure 3C, D), which indicate imminent spawning, 
which is a good time for stripping by gently massaging the abdominal cavity (1 h 
after ovulation) to obtain fertilized eggs. According to several authors, on day 14 of 
natural reproduction in Nile tilapia, the highest plasma values of sex steroids precede 
the ovulation period (Tacon 2000, Baroiller and Toguyeni 2004, De Alba et al. 2019). 
At these time points before ovulation, plasma prolactin (PRL) levels also rise, which 
suggests an endocrine effect on maternal behaviour (Weber et al. 1997, Tacon et 
al. 2000). After ovulation, plasmatic E2, Vtg and gonadotropins levels dramatically 
drop and return to basal levels (Tacon et al. 2000, Poleo et al. 2005, Fujimura and 
Okada 2007). 

The spawning of most genus Oreochromis species occurs in the afternoon 
(Baroiller and Toguyeni 2004). Fertilization takes place directly on female genital 
papilla, after which females collect the eggs in their oral cavity. If mouth breeding 
occurs, the female lodges the eggs in her oral cavity to protect them against external 
agents for approximately the first 12 days after fertilization. While this maternal care 
lasts, circulating levels of sex steroids remain high, which induces the persistence of 
postovulatory follicles (POF) and prolongs females' ovarian cycle (Srisakultiew 1993, 
Tacon et al. 2000, Smith and Haley 1988). There are also reports that low Gnrh1 and 
Gnrh3 levels during mouthbreeding can be involved in suppressing the ovarian cycle 
and sexual behaviour (Levavi-Sivan et al. 2006, Das et al. 2018). After spawning and 
mouthbreeding (if it occurs), the ovary's structural and endocrine system prepares to 
begin a new ovarian cycle. In most studies on Nile tilapia, an interspawning interval 
(ISI) lasting 14 days has been described under adequate environmental conditions 
(12h Light:12h Dark, 12:12 LD, and 27-29°C). However, the tilapia ISI depends 
on factors like maternal behaviour (egg deprivation), photoperiod, temperature and 
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food composition (De Silva and Radampola 1990, Ridha and Cruz 2000, Tacon et al. 
2000, Biswas et al. 2005, Lapeyre 2008) (see the following sections). 

Egg characteristics are species-specific. In Nile tilapia, females spawn large 
batches with up to 2000 eggs that are oval-shaped with yellowish ocher colouration 
(depending on diet carotenoids). Egg size (1.0-2.0 x 1.5-3.0 mm) and weight (5-9.5 
mg) have been correlated with females' size and age (Rana et al. 1988, Baroiller and 
Toguyeni 2004, Fujimura and Okada 2007). After fertilization, the embryo presents 
a series of morphogenetic differentiations throughout this period and larval and 
juvenile stages (Fujimura and Okada 2007) (see Chapter 10 of the present book for 
more details). 


4. Environmental influence on reproduction 


In nature, fish are constantly exposed to cyclical changes in environmental factors, 
such as day/night alternations or seasonal changes in day length or water temperature. 
Fish can anticipate these predictable changes thanks to biological clocks used to 
perform important functions under the best environmental conditions. During fish 
reproduction, the existence of rhythms in the neuroendocrine factors present all along 
the BPGL axis ensures harmonizing the reproductive system with the most favourable 
environmental conditions for progeny to be successful (Cowan et al. 2017) (see 
Chapter 12 of the present book for more details). Actually, external environmental 
factors strongly influence the reproductive axis by triggering or changing the course 
of the reproduction timing process. The next sections deal with the influence of light 
and temperature cycles as the main environmental synchronizers that control the 
reproductive physiology of tilapia. In addition to these two factors, other external 
factors have been reported to influence the endocrine axis of tilapia, such as salinity 
(Baroiller et al. 1997, Abucay et al. 1999), food composition (El-Sayed et al. 2005), 
stocking density (Ridha and Cruz 1999, Lapeyre 2008) and social aspects (Little et 
al. 1993, Tacon et al. 2000, Ridha and Cruz 2003). 


4.1. Influence of photoperiod on reproduction 


The effect of daylight duration (photoperiod) on reproduction has been extensively 
investigated in fish, and it plays a primary role in species from temperate and arctic 
latitudes as they are subjected to wide variations during the photoperiod all year long 
(Migaud et al. 2010). Climate change and foul environmental cues appear to disrupt 
the fine-tune of the BPG axis and fish reproduction (Servilli et al. 2020). In tilapia, 
this is a tropical species and, hence,the photoperiod does not seem to strongly impact 
its reproductive physiology, with tilapia breeding taking place in a wide variety of 
photoperiods. Nevertheless, reproduction tilapia has been described to have certain 
seasonal nature (Cornish 1998). Tilapia can apparently reproduce under very different 
photoperiods, which considerably influence certain reproductive parameters, such 
as number of spawning, number of eggs, synchronization of spawning, fecundity, 
survival and larval development (Ridha and Cruz 2000, El-Sayed and Kawanna 
2007). Recent studies have shown the molecular mechanisms of transcriptional Nile 
tilapia ovarian development in different photoperiod regimes (Tang et al. 2019). 
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Most studies carried out in Nile tilapia indicate a general trend of higher egg 
production, gonadal development and spawning frequency (ISI) associated with 
prolonged photoperiod length. Indeed the studies carried out using long (18:6 
light:dark, LD) or equinox (12:12 LD) photoperiods reveal a significant increase 
in number of spawning and fertility, and also better synchronization and positive 
stimulation of gonadotropins (Biswas et al. 2005, Ridha and Cruz 2000, Campos- 
Mendoza et al. 2004, Lapeyre 2008, El-Sayed and Kawanna 2007). On the contrary, 
in experiments performed during short photoperiods (e.g. 6:18 LD), reproductive 
behavior is inhibited after 3-4 spawning cycles, along with inhibited gonadotropic 
Fsh and Lh (Biswas et al. 2005). These results agree with El-Sayed and Kawanna 
(2007) and Lapeyre (2008), who have reported that a 6:18 LD photoperiod negatively 
affects gonadal development compared to longer photoperiods. In addition to the 
photoperiod, the effect of light intensity on the BPG axis has also been observed. 
Ridha and Cruz (2000) used photoperiod combinations of different durations and 
light intensities to find that most reproductive parameters improved in tilapia with 
an 18:6 LD photoperiod and 2500 lux. There is also evidence for light wavelength 
(colour) influencing Nile tilapia reproduction (Volpato et al. 2004). Blue light 
enhances reproduction by leading to a higher proportion of reproducing fish with 
active nest constructions. 

To summarize, light manipulation (photoperiod, light intensity, colour) has 
proven useful for controlling tilapia reproduction. Therefore, appropriate lighting 
protocols should be used to improve tilapia's reproductive efficiency in aquaculture. 


4.2. Influence of temperature on reproduction 


The plasticity of endocrine mechanisms is a characteristic of poikilothermic animals 
such as fish, and is a highly influential technique for their aquaculture. In recent 
years, different temperature protocols have been established to control tilapia's 
reproductive physiology. This species is capable of surviving within a wide thermal 
range. However, temperature is also a limiting factor for its natural reproduction. 
Thus, Nile tilapia needs warm water temperatures to breed in. Some authors set the 
limit at 22-25?C, with tilapia breeding the whole year if water temperature remains 
above these temperatures (Stickney 2000). Other studies have suggested an optimal 
temperature of 25-30°C for spawning, below which spawning frequency decreases 
and stops below 20°C (Bhujel 2000). In addition to lower temperature limits, very 
high temperatures can negatively affect tilapia breeding. For instance, the use of 
high temperatures (37ºC) over long periods (45-60 days) means the permanent loss 
of germ cells in ovaries by inducing infertility in tilapia females (Pandit et al. 2015). 

The intensification of reproductive activity related to seasonal changes, such 
as rainy seasons, has also been described (Baroiller et al. 1997). One of the most 
widely used techniques to stimulate tilapia reproduction implies cooling down 
water (22?C) (Srisakultiew and Wee 1988, Lapeyre et al. 2009). In these studies, 
females were exposed to cool water baths over long or short periods, and returned 
to an ambient temperature for four weeks to evaluate how cold temperatures induce 
effects on spawning. The results did not show any differences in using long cold 
exposure periods compared to the control group (maintained at ambient temperature: 
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29-30°C). However, when females were exposed to short cool temperature periods 
(6-24 h), a significant increase in spawning synchronicity was described. 


5. Hormonal treatments for breeding stimulation 


As described above, temperature and photoperiod are limiting factors for tilapia 
reproduction. Hence, the manipulation of these environmental factors can be used to 
induce or inhibit tilapia breeding. In addition, the use of hormonal therapies has been 
described to have considerable effects on the physiological mechanisms of tilapia 
reproduction, and protocols involving this technique can be applied. These protocols 
intend to improve the use of resources (personal, infrastructure, economic) of 
aquaculture production and to minimize the negative aspects of tilapia's reproductive 
biology. 

Environmental conditions can be used to improve the control of tilapia 
reproduction in captivity. However, the inability to reproduce natural spawning 
conditions or to control fish reproductive cycles prevent us from mastering the 
dynamics of endocrine mechanisms (Lapeyre 2008). With tilapia reproduction 
management, there are two main hormonal manipulation objectives: (A) to induce 
spermiation/ovulation processes of gametes and stimulate the spawning process; and 
(B) to increase efficiency in spawning synchronization to improve the production of 
gametes and sperm. 

During tilapia breeding, females generally present more problems than males, 
which are usually the limiting factor. For this reason, studies generally focus on 
females and protocols to induce permiation are lacking. However, sperm may 
sometimes be a limiting factor in fertilization. So in order to obtain high mature 
sperm concentrations, hormonal stimulation processes can be performed with tilapia 
males. The use of LH releasing hormone (LHRHa) seems to increase sperm count on 
the day after injection (Garcia-Abiado et al. 1996). Other studies reflect on human 
Chorionic Gonadotropin (hCG) injections inducing the expressions of both star/ and 
star2 in male tilapia testis, which would contribute to MIH production during sperm 
maturation and spermiation (Yu et al. 2014). 

Female tilapias are very prolific animals capable of spawning all year long with 
a synchronous gonadal development and maternal behaviour (allocate eggs from 
different females). Thus, efforts of hormonal therapies focus on not only improving 
spawning synchrony, but also on controlling final oocyte maturation for subsequent 
artificial fertilization. For these purposes, a wide variety of hormones has been tested 
in Nile tilapia, such as GnRH and its agonists (Piamsomboon et al. 2019), pituitary 
extracts (Fernandes et al. 2013) and hCG (Coward and Bromage 2002, El-Gamal and 
El-Greisy 2005, Owusu-Frimpong 2008). A comparative study into the effectiveness 
of these hormones has been performed by Fernandes et al. (2013), who determined 
that hCG was the most potent and effective treatment for inducing synchronicity 
and gamete collection in Nile tilapia. However, the effects of hCG administration on 
gamete collection and fertilization quality varied depending on hCG concentration 
and number of doses (Fernandes et al. 2013). Piamsomboon et al. (2019) showed 
that a combination of two GnRHa injections (15 and 30 pg/kg, with an 8-hour 
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interval) and oral dopamine antagonist administration (5 mg/kg) was also effective in 
successfully inducing spawning in tilapia females. In hormonal induction protocols, 
induction time has become increasingly more important as several studies have 
shown time-dependent responses of the hypothalamic-pituitary axis. The research 
by Rasines et al. (2013) into Senegalese sole demonstrated an effect of the time of 
day at which it is hormonally induced (with a GnRH analog) with the production of 
the obtained larvae. They carried out three inductions at three different times of the 
day (6 am, 12 am and 7 pm), and reported the induction of the highest values durin 
g larval production at 6 am compared to the groups induced at other times. These 
results highlight the importance of considering daytime responses when establishing 
hormonal protocols. Nevertheless, current research on hormonal treatments for 
tilapia reproduction is still scarce, hence the need to further investigate and develop 
new protocols that consider innovative factors like light colour and stimulation 
timing. In this way, the development of improved therapies will help to minimize the 
difficulties found in relation to artificial fertilization, and boost the genetic selection 
and reproductive efficiency processes of tilapia. 
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1. Introduction 


Tilapiine cichlids, and particularly Nile tilapia (Oreochromis niloticus), are currently 
considered a group of continental fish species of primary importance for the worldwide 
production of protein for human consumption from aquatic origin (FAO 2018). The 
impressive farming success of tilapias in different continents and geographic regions 
is due to their versatility, notable tolerance to stress, high capacity for adaptation to 
a variety of environments and excellent growth rates. Furthermore, tilapias display 
omnivorous feeding habits that allow these fish species to accept a wide variety of 
feeds (MacIntosh and Little 1995, El-Sayed 1999, Omasaki et al. 2017). 

As in the other teleosts, all these biological characteristics appear progressively 
during the ontogeny and first life stages. The developmental traits of this group of 
species are obviously related to the natural habitats where they inhabit as well as to 
the corresponding behaviour and feeding habits they display to have a successful 
life in those environments. With the exception of the reproductive system, final 
morphology and complete organ functionality are acquired at the beginning of the 
juvenile stage, but in tilapias the principal features appear early in the development 
as corresponding to species with fast and precocious development. 

On the other hand, due to the above-mentioned adaptive characteristics and 
their short reproductive cycle, tilapias have been utilized as model species, gaining 
increasing importance as a laboratory animal for physiological, osmoregulation, 
genetic and evolutionary studies (Wood et al. 1994, Johanning and Specker 1995, 
Wright and Pohaydak 2001, Santini and Bernardi 2005), and therefore, there is a 
justified interest for a deep knowledge of their ontogeny. 

In spite of the importance of this group of species, the studies on its embryonic 
and larval development are not as extensive as would be expected. Although 
there are many publications on these early stages, the current knowledge is very 
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fragmentary and partially distributed among species, strains and lineages obtained 
in studies that have been performed with different scientific objectives and under 
different experimental conditions. The available information on the ontogeny 
of embryos and larvae process has been mainly obtained from studies with Nile 
tilapia and Mozambique tilapia (Oreochromis mossambicus), with punctual studies 
performed in other species and hybrids.This chapter shows different aspects of the 
developmental process of tilapias that may be relevant for the larvae and fry rearing, 
taking as a basis the published information on these two tilapia species. 


2. Basic biological characteristics in relation to 
environmental factors 


There are some fundamental biological characteristics that are inexorably defining 
the developmental pattern of tilapias and that is necessary to mention. Firstly, as in 
most fish species, two main environmental factors may influence the developmental 
history in this group, water temperature and salinity. In consequence, their anatomy 
and physiology are adapted to respond properly to the expected range of variation of 
these variables in their original habitats. 

Both Nile and Mozambique tilapia are continental and warm water species with 
African origin that adapt very well to subtropical and temperate waters. Tilapias 
grow and reproduce at temperatures over 21-23 ?C (Rana 1990, Anken et al. 1993, 
Popma and Lovshin 1996), having optimum growth performance in the range of 25- 
32 ?C (Popma and Lovshin 1996, Campinho et al. 2004), though both species can 
tolerate a wider range of temperatures between 8 and 42 ?C (Philippart and Ruwet 
1982). As a consequence, the temperature for incubation and larval rearing in the 
farming practices oscillates primarily between 23 and 30 °C because they are more 
dependent on the natural environmental conditions, while the experimental studies 
have usually been performed between 27 and 30 ?C. 

In relation to water salinity, although recognised as freshwater fishes living in 
continental waters, it is a fact that tilapias have certain salinity tolerance and can 
also be considered as eurihaline fishes, at least some of them (Chervinski 1982, 
Popma and Lovshin 1996). Nile tilapia is a moderate salinity-tolerant species that 
can grow in waters with low salinity, though its reproductive performance declined 
progressively at increasing salinities (Watanabe 1985, Suresh and Lin 1992). The 
eggs are able to tolerate rearing salinities up to 20 ppt (Fridman et al. 2012a). But 
Mozambique tilapia is the species showing the highest salinity tolerance, being able 
to live in seawater conditions (Chervinski 1982, Suresh and Lin 1992, Uchida et al. 
2000). Larvae of the hybrid red tilapia also showed a high tolerance to changes in 
salinity (Rahmah et al. 2020). 

On the other hand, these species are continuous breeders with multiple spawns 
during the reproductive stage, as long as the key environmental conditions as 
temperature and salinity keep within the favourable range. This feature has a 
particular relevance because the changes in maternal age and body size during the 
reproductive stage may affect in some degree the fecundity and characteristics of 
eggs and larvae (MacIntosh and Little 1995, Tsadik 2008). In teleost, egg volume 


180 Biology and Aquaculture of Tilapia 


depends on the amount of yolk accumulated during the vitellogenesis that in last 
instance will determine the embryonic developmental time and size of the hatched 
larvae (Rana 1985, Polo et al. 1991). 

Regarding the characteristics of feeding function, the digestive tract of tilapia 
species at the adult stage shows a clearly recognizable Y-shaped stomach with three 
sections (Caceci et al. 1997, Morrison and Wright 1999) that has a high acidification 
capacity (Fish 1960, Moriarty 1973, Caceci et al. 1997, Hlophe et al. 2014), and 
a long intestine separated from the rectum by the ileocecal valve (Morrison and 
Wright 1999). This structure allows to digest different types of food further than 
macrophytes, particularly from lower trophic levels, which correspond to teleosts 
with omnivorous feeding habits. 

Other important detail to take into account when talking about ontogeny in 
tilapias 1s that these species, as other freshwater fish, are considered to have a fast 
and precocious development; their larvae have a relatively well-developed gut and 
accept prepared feeds from first feeding (Drossou et al. 2006) and few days after they 
attained the main juvenile morphology and physiological features. 


3. Developmental staging 


The terminology of the different successive developmental steps has been diverse 
in the studies on tilapias. Furthermore, some authors just prefer to refer the period 
of time in hour or days from fertilization (hpf, dph) or days from hatching (dph) to 
explain the temporal sequence of each particular event without giving any specific 
stage name. These different criteria may induce certain confusion in identifying the 
different stages. Nevertheless, classic early nomenclature as embryonic stage (from 
fertilization to hatching), early larva stage or yolksac larva (from hatching to the 
end of yolk reabsorption) and exogenous feeding larva or just larva (from the onset 
of the exogenous feeding to the full acquirement of juvenile features), will always 
serve as clear references for the purposes of this chapter, although in this last stage 
it is difficult to establish the moment in which the transition to juvenile has been 
definitively completed. In the present review, the first 24 h corresponding to the day 
of fertilization or to the day of hatching is considered as 0 dpf and 0 dph, respectively, 
and therefore, the numerical order has been accordingly corrected in those studies in 
which the first 24 h was considered as day 1. 

In Nile tilapia, Galman and Avtalion (1989) established 15 developmental stages 
from egg fertilization to hatching (occurring at 72 hpf) and other 9 larval stages from 
hatching to the complete yolk reabsorption and start of feeding (attained at 6 dph) by 
observing changes in external morphological characters with scanning microscopy 
in eggs and larvae incubated at 24-26 °C. Morrison et al. (2001) also studied the 
embryonic development in Nile tilapia from fertilization to the onset ofthe exogenous 
feeding and the inflation of swim bladder in eggs and larvae maintained at 28 ?C. This 
study, that describes the succession of events day by day, is based primarily on the 
examination of internal organs and some glands at histological level. In this study, the 
staging is organized according to classic embryonic steps (zygote, cleavage, blastula, 
gastrula, segmentation and pharyngula periods) that ended about 100 hpf, followed 
by a hatching period which includes the events occurring during the emerging of free 
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larvae from the chorion that occurs along the fourth day after fertilization, and finally 
by an early larval period during the reabsorption of the vitelline reserves up to start 
of exogenous feeding. Fujimura and Okada (2007) established 32 stages along the 
embryo and larval development, based primarily on external features and the number 
of caudal fin ray elements. These stages were grouped in three main developmental 
periods. The first two, like in Morrison et al. (2001) study, include the period from 
the embryo development up to hatching (stages 1 to 18), and the free swimming 
larval period from hatching up to the end of yolk resorption and onset of exogenous 
feeding (stages 19 to 25). Furthermore, this staging system includes stages beyond 
the yolksac larval stage including the one named as early juvenile period (stages 26 
to 32). However, from stages 28 to 32, the only noticeable change is the increasing 
number of caudal fin ray elements. Obviously, length and weight of larvae continue 
increasing progressively during these last stages. All the 32 stages were defined 
over the development observed during a month from fertilization at 28 °C. Figure 
1, taken from Piamsomboon et al. (2019) supplementary data, shows a detailed and 
explicative description ofthe different developmental stages in Nile tilapia according 
to the staging defined by Fujimura and Okawa (2007). 

On the other hand, 22 developmental stages were established from fertilization 
to end of yolk resorption in Mozambique tilapia (Cattin 1989), also based on 
externally observable features in experiments performed at 28 ?C. The first 16 stages 
were defined in the period from fertilization to hatching at 95 hpf, and the following 
ones from hatching to the complete yolk depletion and active swimming larva that 
occurred at 7 dph. 


4. Embryos and hatching 


Tilapia exhibits maternal mouth-brooder incubation. Therefore, the first observable 
step after the egg fertilization is the presence of large ovoid orange eggs in the 
oropharyngeal cavity of female. However, most of the studies on embryonic 
development have been carried out under artificial incubation conditions in aquaria 
or jars after removing the eggs from the female's mouth. Morrison et al. (2001) 
reported that, in Nile tilapia, the hatching glands, the glands responsible for secreting 
the proteases able to hydrolyse the fibrillar proteins constituting the chorion, are 
profusely distributed over the different parts of embryo and the nearest yolk surface. 
These hatching glands are more evident the day before hatching. Concordantly, the 
hatching enzymes start to digest the inner layers of the chorion, that appears already 
partially digested the day before hatching (Morrison et al. 2003). In agreement with 
these observations, the expression of RNAm codifying these hatching enzymes (low 
choriolytic hatching enzyme, TLCE and high choriolytic enzyme, THCE) has been 
detected at the gastrula stage and progressively increasing up to hatching (He et al. 
2017). The gene expression of these enzymes declines in the hatched larvae but is 
still noticeable. This would indicate an additional function in the developing larvae 
other than just breaking the chorion. 

Eggs and larvae characteristics, size and quality may depend on many different 
biotic and abiotic factors. Thus, egg diameter and weight have been related to tilapia 
species and lineages, size and/or age of broodstock, water temperature and maternal 
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Fig. 1. Development of Nile tilapia Oreochromis niloticus embryo incubated at 30+1 ºC. (Left 
panel) The embryonic development phase. (A) non-fertilized egg, AP; animal pole, VP; vegetal 
pole. (B) zygote stage, CA; cytoplasmic accumulation. (C) cleavage stage, Bd; blastodisc. 
(Da) early blastula stage, Bl; blastoderm layer, Yl; Yolk syncytial layer. (Db) late blastula 
stage, EP; epibody. (E) gastrula stage. (Fa-Fc) segmentation stage, BP; Brain primordium, red 
arrow; embryonic axis, B; brain, OpC; optic cup. (Ga-Gc) pharyngula stage, H; heart, L; Len, 
OpP; optic primordium, Ce; cerebellum. (Ha-Hd) hatching stage, LJ; lower jaw, Ch; chorion, 
PrAP; preanal plexus, PoAP; postanal plexus, An; anus, DA; dorsal aorta, N; notochord, ICV; 
inferior caudal vein, Ur; urostylar artery and vein, Hy; loops in hypural region, I, II, IH; 1st, 
2nd and 3rd gill arch. (Right panel) Larval development and the early juvenile phase. (Ia-If) 
Early larva period, Arrow; melanophores, black arrow head; yolk capillaries, At; atrium, Ve; 
ventricle, AF; anal fin, DF; dorsal fin, PCV; profundal caudal vein, white asterisk; intestinal 
content. (Ja-Jd) Late larva period, D-Sr; dorsal soft ray of dorsal fin, A-Sr; anal soft ray of anal 
fin, D-Sp; dorsal spines of dorsal fin, A-Sp; anal spines of anal fin, TM; Tilapia mark. (K) Early 
juvenile phase, hpf; hour(s) post fertilization. (Reprinted with permission from Piamsomboon 
et al. (2019), Aquaculture 507 (2019) 139—143) 
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nutritional conditions among other factors (Rana 1985, Tsadik 2008, Sarmento et 
al. 2018). Therefore, a wide range of mean egg diameters, between 1.4 and 2.9 mm, 
has been reported in the different studies. Considering the ovoid shape of tilapia 
eggs, egg diameter has been usually provided as the mean of the long and short axis 
(Coward and Bromage 1999). 

Most of the information has been obtained in Nile tilapia in experiments 
performed between 28 and 30 ?C of water temperature. Thus, Gunasekera et al. 
(1996) reported mean egg diameters in the range 2.28-2.43 mm, without statistical 
variation among the successive spawning, or with the maternal body weight or the 
dietary protein level of maternal feed, although this last factor induced a subtle 
change in the protein content of eggs (between 273 and 280 g/kg). Lu and Takeuchi 
(2004) obtained eggs from 2.10 to 2.30 mm (2.0 to 2.50 mg dry weight), again 
without variation among successive spawning or feed type. Likewise, Morrison et 
al. (2003) reported mean values in the range 2.3-2.9 mm, Ng and Wang (2011) in the 
range 2.38-2.44 mm, and Fernandes et al. (2013) in the range 2.6-2.8 mm. Campos- 
Mendoza et al. (2004) also reported similar mean diameter values in the range 2.36- 
2.47 mm. In their experiment, the largest eggs were obtained from fish maintained 
under a 12L:12D photoperiod coinciding with the lowest number of spawns and total 
fecundity. Sarmento et al. (2018) described an increase in Nile tilapia egg diameter 
from 2.3 to 2.6 mm (long axis) and weight from 3.5 to 4.5 mg by increasing the 
vitamin C content in the maternal diet from 0 to 942 mg/kg diet. Bombardelli et al. 
(2017) found an increase in the weight of eggs from 5.9 to 6.5 mg as well as in the 
corresponding freshly hatched larvae from 7.2 to 7.9 mg when the broodstock was 
fed on diets containing lower digestible protein and higher digestible energy. Lower 
egg size values were observed by Biswas et al. (2005), with mean diameters between 
1.75 and 2.36 mm, and Tsadik (2008) with mean diameters increasing from 1.8 to 
2.] mm (0.29 to 0.31 mg dry weight) with the increase of the maternal age and body 
weight. Still lower egg size has been reported in Nile tilapia by Piamsomboon et 
al. (2019), with only 1.42-1.68 mm for the major axis. Similarly, Smitherman et al. 
(1988) found egg diameters from 1.55 to 1.75 mm in three different regional strains 
of Nile tilapia without noticeable differences among them. 

In a study about the effect of dietary lipid source in the broodstock feed, 
Hajizadeh et al. (2008) reported mean egg diameters between 1.9 and 2.5 mm, and 
egg dry weights between 1.6 and 3.6 mg. These authors found that the dietary lipid 
sources had no significant effect on egg diameter, egg volume and egg dry weight. 
However, both weight and length of hatched larvae were slightly lower when only 
palm oil was used in the feed formulation in comparison with a more complete 
lipid composition. A wide mean egg volume variation has also been described in 
Mozambique tilapia, ranging from 2.42 to 5.39 mm? (0.80 to 2.00 mg dry weight) in 
different egg clutches (Rana 1985). 

As observed in the above mentioned studies, variability in egg size and volume, 
and therefore in the amount of vitelline reserves, is a matter of fact in tilapia that will 
affect to some extend the posterior development. In teleost, the vitelline reserves of 
the yolk sac constitute the source of nutrients and energy for the developing embryo 
and larva up to the onset of exogenous feeding, when the yolk has been completely 
or almost-completely exhausted (Yüfera and Darias 2007). As occurs during the 
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vitellogenesis, in which the biotic and abiotic circumstances are defining the egg 
volume at spawning, the efficiency in which the yolk is utilized depends on genetic 
characteristics and environmental factors (Polo et al. 1991, Wang et al. 2015). The 
size of larvae at the start of exogenous feeding 1s strongly dependent on yolk volume 
and composition, but also on the efficiency of yolk utilization. 

Nile tilapia larvae typically hatch at 4 dpf at 28 °C (Rana 1990, Morrison et 
al. 2001, Lu and Takeuchi 2004, Fujimura and Okada 2007). This developmental 
time changes with the incubation temperature from 6 dpf at 20 ?C to 2 dpf at 35 
ºC (Rana 1990). The hatched larvae require between 6 and 8 additional days to 
completely reabsorb the yolk reserves (Macintosh and Little 1995, Lu and Takeuchi 
2004, Fujimura and Okada 2007, Hajizadeh et al. 2008). Nevertheless, Galman and 
Avtalion (1989) reported only 3 dpf for hatching and other seven days to the end of 
yolk reabsorption at 24-26 °C. In Mozambique tilapia, time for hatching at 28 °C was 
also 4 dpf according to Rana (1985), but it ranges from 2 dpf at 32 ?C to 4 dpf at 22 
ºC in the study by Campinho et al. (2004). 

These time ranges and values mentioned above correspond to experiments with 
specific strains and different maternal feeding conditions that may change among 
studies performed under similar temperatures. Illumination conditions also affect 
the embryonic development (Wang et al. 2019). Working with Nile tilapia eggs 
incubated at 28 °C, these authors found that both photoperiod and light intensity 
alters the incubation time up to hatching, the hatching rate, the yolk utilization and 
the size of larvae at the end of yolk resorption. Overall, most favourable conditions 
were 13-14 hours of day-length and 1000-1100 lux of intensity. 

A similar variability has also been observed in the size of larvae emerging from 
the eggs. Thus, total lengths between 4.8 and 6.2 mm in freshly hatched larvae and 
between 7.3 and 9.0 mm at first feeding have been reported in Nile tilapia (Morrison 
et al. 2001, Fujimura and Okada 2007), though a larval total length of 8 mm at 
hatching in eggs naturally incubated within the female mouth at 25 °C has also been 
reported (Khalil et al. 2011). In Mozambique tilapia, the larvae at first feeding were 
reported to have a total length of 6-7 mm with independence from the egg size (Rana 
1985). However, the larvae derived from the smaller eggs attained the irreversible 
starvation at 15-16 dph, while in the larvae derived for larger eggs this point-of-no- 
return occurred at 21 dph. 


5. Ontogenesis of systems and key structures 


5.1. Skeletal ontogenesis 


The development of cartilaginous and bony structures of the fish skeleton allows the 
normal functionality of crucial structures necessary for adequate breathing, feeding 
and swimming. 

Some aspects of the skeleton ontogeny in Nile tilapia have been studied 
by Fujimura and Okada (2007, 2008), paying particular attention to the cranial 
development due to the importance of the feeding apparatus at the start of feeding 
in a group of fish showing variated trophic specialization and adaptation of feeding 
behaviours to diverse environments. 
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According to these authors, the primordia of the pharyngeal arches were 
clearly detected at the pharyngula period, but the morphogenesis of the pharyngeal 
skeleton occurred mainly during the hatching period. More specifically, the cartilage 
differentiation in the jaw structures of Nile tilapia started in stage 17 (about 4 dpf at 
28 ?C), just the day before hatching, being extensive in stages 20 and 21 (about 2-3 
dph). At this stage 17 pectoral fin rudiments and the differentiation of the gill arches 
are also detected. In stage 18 (at hatching), the gill arches develop the cartilaginous 
rod and gill filaments and the caudal fin rays start to form. On the other hand, the 
chondrocytes corresponding to the incipient gill arches were also detected at the end 
of yolk reabsorption at 25 °C in the posterior region of the buccopharynx by Khalil et 
al. (2011). The osteoid for the dermal bones were observed at stage 20, time at which 
the calcium uptake changes from the skin to the gills. Finally, the mineralization of 
the skeleton begins at stage 25 (4-6 dph). 

Skeletal ontogenesis has also been studied in detail in Mozambique tilapia 
(Campinho et al. 2004). In this species, the chondrogenesis starts just after hatching 
(between at 0.5 and 3 dph at 27 °C) and before the notochord flexion according to 
the following order, the cranium, the elements pectoral fin, neural and haemal arches, 
elements of the caudal, dorsal and anal fins, and finally the pleural ribs and the pelvic 
fin. The chondrogenesis is completed firstly in those structures related to feeding and 
respiration, by the end ofthe yolksac larval stage. In the elements related to swimming 
and manoeuvrability, the chondrogenesis occured much later, at the transitiion from 
larva to juvenile. The ossification of these structures starts coinciding with the end 
of the chondrogenesis, starting by the cranial region and followed by the neural and 
haemal arches and the hypurals. In this study, the ossification was not yet completed 
after two months of experiment. A more recent study (Weigele et al. 2015) described 
similar sequences for chondrogenesis and ossification but with some variations in 
the developmental time of some events and structures. This study shows a detailed 
description of the sequential expression pattern of mRNA codifying the bone matrix 
proteins in fish, osteopontin-like protein (OP-L) and osteonectin (SPARC), in the 
different emerging skeletal elements. Both OP-L and SPARC appear simultaneously 
with the calcification of the bony skeleton elements of the cranium, including tooth, 
just after hatching, while they were detected before calcification in the fin rays. 


5.2. Gut development 


Ontogeny ofthe digestive tract has been studied mostly in Nile tilapia (Morrison et al. 
2001, Khalil et al. 2011). Overall, the characteristics of the anatomical development 
follow the rules described for many fish species but particularly those related to 
freshwater species with large eggs and a precocious development at hatching. During 
the larval stage of teleosts, the gastrointestinal tract undergoes a transformation 
from a simple closed tube to a more complex system with a segmented tract with 
differentiated luminal mucosa in each section, and annexed glands as in the Juveniles. 

The initial development was described more in detail by Morrison et al. (2001) 
during 8 dpf up to the opening of the mouth observing eggs and larvae maintained 
at 28 °C of temperature. According to these authors, the commencement of the gut 
development occurs at the embryo stage before hatching, at 48 hpf approximately. 
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The incipient gut can be observed in the embryo as a closed tube with detectable 
lumen below the notochord at the completion of the epiboly. The formation of the 
liver is also detected at this stage between the yolk and gut. Later in the pharyngula 
stage, the developing pharynx and oesophagus show the lumen with the epithelium 
lined with cuboidal cells, the intestine lined with columnar epithelium, and an anlage 
at the end of the oesophagus corresponding to the emerging stomach. 

At hatching, the larvae exhibits a digestive tract already forming a small loop 
surrounding the pancreas, and maintaining the same segments, the buccopharynx and 
oesophagus from one side, and the intestine from the other side lined with different 
epithelium types. A small cecum in one side of the gut indicates the primordial 
stomach. Goblet cells are not still present. The pancreas, a well-vascularized liver 
and the gallbladder lined with cuboidal cells are also present at this stage. 

The following days during yolk resorption, this still rudimentary digestive 
tract becomes more clearly segmented in four sections, buccopharynx, oesophagus, 
stomach and intestine, with differentiated tissues like in the precedent days. The 
formation of the pyloric sphincter separates the small stomach and the intestine. 
Goblet cells appear in the epithelium of the buccopharyngeal cavity and the lumen 
of the oesophagus. Small goblet cells also appear in the intestine. At the end of this 
stage, the mouth is still covered by an oropharyngeal membrane. 

Ateight days after fertilization, taste buds appear in the epithelium ofthe pharynx 
and a noticeable constriction between the still small stomach and the intestine marks 
the pyloric sphincter. The wall of the oesophagus is surrounded by a muscular 
layer lined with a stratified squamous epithelium. In the developing stomach, the 
epithelium is formed by columnar cells as in the intestine. The rectum is lacking 
goblet cells. At this is time, the mouth becomes open and some prey can be detected 
in the lumen of the gut. 

Similar developmental schedule has been described by Fabillo et al. (2004), 
although in this study the experimental temperature was not provided. Interestingly, 
these authors indicated that the evaginations in the anterior intestine corresponding 
to the emerging pyloric caeca appeared at 5 dph. This is an important developmental 
event that marks the final steps in the morphological transition to juvenile-adult 
digestive tract. 

The gut development after the commencement of feeding has been studied 
by Khalil et al. (2011) in larvae reared at 25 ?C, although this description focused 
only on the features developed at days 4 and 35 after hatching. Thus, according 
to these authors, at day 4 after hatching the yolk is completely consumed. At this 
time, the first few taste buds appear scattered in the epithelium of the buccal cavity. 
Moreover, mucus-secreting cells are already evident. The mucosa of the oesophagus 
presents several layers of saccular mucous cells containing acid and neutral 
mucopolysaccharides, while the submucosa is constituted by a loose connective 
tissue, a circular tunica muscularis and a thin serosa. The stomach is starting 
to develop with some few gastric glands observable in the columnar epithelium, 
although mucopolyssacharides secretion is not yet detectable. The submucosa 
presents an areolar connective tissue with lymph spaces and blood vessels, while 
the tunica muscular presents two layers with longitudinal and circular muscle fibres, 
respectively. The intestine has a relatively thick wall, with still short mucosa folds 
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and a narrow luminal cavity, and a well-developed muscular layer. Mucous cells 
containing neutral mucopolysaccharides are abundant in this segment of the gut. 

At 35 dph, all these structures are completely formed. The buccal cavity has 
a stratified epithelium with several cell layers and numerous mucous cells that 
secrete neutral mucopolysaccharides. The taste buds also proliferate mainly in the 
anterior part of the cavity. The submucosa also has several layers including a fibrous 
connective tissue layer, stratum compactum and an areolar capillarized connective 
tissue. The oesophagus, presenting a wide lumen, has a folded mucosa covered 
of abundant mucous cells, with acid and neutral mucopolyssacharides, as well as 
carboxylated and sulphated glycoproteins, a circular striated muscular layer and an 
areolar connective tissue. A thin epithelium forms the serosa. The stomach appears 
well formed, with a folded mucosa constituted by a simple layer of columnar cells, in 
which proliferates numerous gastric glands with neutral mucopolyssacharides. The 
intestine maintains the same structure of columnar cells combined with mucous cells 
but showing a wider lumen and with numerous short and curved mucosal folds. The 
submucosa is formed by a loose areolar connective tissue rich in blood vessels. The 
intestine is also surrounded by a circular and a longitudinal layer of muscle fibres. 

This study of Khalil et al. (2011) also examines the potential benefit of treating 
the broodstock with thyroid hormones. These authors found that the larvae whose 
mothers were previously injected with thyroxine grew better and the gut structures 
developed faster than those derived from untreated control individuals. This 
positive effect of a maternal treatment with thyroxine was also observed in larvae of 
Mozambique tilapia (Lam 1980). 

The annexed glands also undergo a rapid differentiation during these early days 
of development. After 4 dph, the liver consists in basophilic hepatocytes organized 
around hepatic sinusoids nearby the remaining yolk sac. These hepatocytes present 
centred nuclei, and reduced cytoplasm with lipid vacuoles. At 35 dph, the liver turns 
in a mass of polygonal hepatocytes with irregular boundaries arranged in cords 
around the veins. The hepatic cells present a large nucleus with one nucleolus and 
nuclear membrane, while the cytoplasm shows a granular appearance and contains 
vacuoles of glycogen. On the other hand, the pancreas is extrahepatic with separate 
exocrine and endocrine regions. The exocrine pancreas is arranged in acini and ducts 
with cells containing acidophilic zymogen granules. In the endocrine pancreas, the 
cells are arranged around capillaries and grouped in islets of Langerhans. 

Although not always clearly specified, it seems that Nile tilapia has a period 
of mixed feeding between the strict endogenous and exogenous feeding (Fujimura 
and Okada 2007, Khalil et al. 2011). The digestive tract of teleost fish is already 
functional with the first food ingestion. Clear symptoms of digestion are easily 
observable even in species with altricial development in which the gut is still more 
undeveloped than in Tilapia (Yúfera and Darias 2007, Ronnestad et al. 2013). In 
fact, some digestive enzymes are already available in the developing gut during the 
yolksac stage before the opening of the mouth. Thus, Pereira et al. (2018) analysed 
the activity of gastric, pancreatic and intestinal digestive enzymes in embryo 
and fasted larvae from hatching to 10 dph in Nile tilapia while trying to find the 
potential effect of changing the dietary crude protein content in the maternal feed. 
They found that overall activity of pancreatic and gastric enzymes was very low 


188 Biology and Aquaculture of Tilapia 


or negligible during the egg cleavage phase, increasing quickly after hatching. The 
fact that acid protease also appeared during the first days after hatching confirms 
the precocious development pattern of this species. Intestinal brush border enzymes 
also increased after hatching was clearly noticeable at 7 dph. Tengjaroenkul et al. 
(2002), using histochemical techniques, also detected the activity of maltase, leucine 
aminopeptidase, dipeptidyl aminopeptidase IV, non-specific esterases, and alkaline 
phosphatase in the brush border of the intestine at hatching, while the lipase appeared 
at 3 dph. Likewise, first signs of nutrient absorption in the form of the lipid storage in 
the liver was observed two days after first feeding (Khalil et al. 2011). The pancreatic 
trypsin activity was also measured a couple of days after the onset of exogenous 
feeding (Drossou et al. 2006), probably as a consequence of the sampling schedule of 
this study. Interestingly in this later study, different levels of activity were observed 
in relation to the type of feed, being higher in larvae fed on feeds with poorer 
nutritional quality (Drossou et al. 2006). This response has also been observed in 
other freshwater fish, while in marine altricial larvae this feed-effect appears usually 
later in the development (Yúfera et al. 2018). 

In Mozambique tilapia, the start of the activity of digestive proteases was 
examined in larvae maintained at 25-28 °C (Lo and Weng 2006). These authors 
found pepsin activity for the first time on 3 dph, the day of the opening of the mouth, 
and the activity continues increasing the following days. However, trypsin and 
chymotrypsin were detected only by 5 dph, the day ofthe commencement of feeding. 

There is practically no information about the start of functionality of digestion 
at molecular level in Nile tilapia. Obviously, the mRNA of proteases precusors was 
already clearly expressed by 10 days after the commencement of feeding (Silva et 
al. 2019). In Mozambique tilapia, pepsinogen, trypsinogen and chymotrypsinogen 
transcripts have been cloned and their expression measured by semi-quantitative 
methods by RT-PCR and southern blotting analysis (Lo and Weng 2006). The 
expression of trypsinogen and chymotrypsinogen was detected on 1 dph, while the 
pepsinogen expression was detected by 2 dph, that 1s, before the opening of the 
mouth and the start of the hydrolytic activity in all cases. 

Furthermore, the expression of peptides transported has also been examined in 
Mozambique tilapia during the embryonic development and yolk reabsorption (Con 
et al. 2019). Interestingly, the three isoforms PepT la (s/c15ala), PepT1b (s/c15alb), 
and PepT2 (slc15a2) were expressed before the start of the exogenous feeding but 
not simultaneously. PepTla and PepT1b were mainly overexpressed first from 3 
to 10 dpf, while PepT2 were mainly expressed from 11 dpf onwards. The results 
would indicate the readiness for peptides absorption of enterocytes before the onset 
of feeding. 


5.3. Swimming bladder 


Swimming bladder is an indispensable structure for maintaining the larvae in the 
water column, and for developing an adequate swimming and manoeuvrability that 
allow to catch living prey and floating edible particles with increasing efficiency. 
There is a critical window of time for the inflation of the bladder after which it 
cannot occur. In both Nile and Mozambique tilapia, swimbladder inflation occurs 
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between 7 and 10 dph at temperatures ranging 26-28 ?C (Fishelson 1966, Doroshev 
and Cornacchia 1979, Lingling and Qianru 1981, Morrison et al. 2001, Fujimira and 
Okada 2007) before the complete yolk reabsorption. 

The ontogeny of this structure has been described for Mozambique tilapia 
(Doroshev and Cornacchia 1979). The primordial bladder before the inflation is 
a compressed sac with an outer layer with a squamous epithelium and an internal 
layer with columnar cells. This inner layer changes into a flattened epithelium after 
the inflation of the bladder by removing unnecessary structures. According to these 
authors, there is no connection between swim bladder and the digestive tract and 
therefore this species does not swallow atmospheric gas for the initial inflation of the 
bladder. Contrarily in Nile tilapia, the pneumatic duct connecting the swimbladder 
to the digestive tract was described by Morrison et al. (2001). According to these 
authors, the inflation of the swimbladder occurs together with the commencement of 
feeding at 3 dph. 


5.4. Ontogeny of osmoregulatory capacity 


Although living in freshwater environments, tilapias have a notable tolerance for 
higher salinities (see Chapter 6 of the present book). The ion exchanges occurred 
in specialized rich-mitochondria cells, named chloride cells or ionocytes. These 
cells, responsible for this osmoregulatory capacity, are mainly situated in epithelium, 
gills, kidney and intestine. The ontogeny of the chloride cells and osmoregulation 
capacity has been addressed in studies on several fish species. In teleosts, these cells, 
and therefore the osmoregulation, appear early during the embryonic development 
(Alderdice 1988, Varsamos et al. 2005), mainly on the epithelium of the yolksac 
and other skin surfaces. With the development of gills, digestive tract and urinary 
organs at the juvenile stage, the fish attains a complete osmoregulatory capacity. 
As already mentioned above, both Nile and Mozambique tilapias have significant 
salinity tolerance, mainly the second one. 

In Mozambique tilapia incubated at 26-28 ?C, the first chloride cells appear in 
the skin of embryos as early as 48 hpf and just after hatching (96 hpf), the larvae 
shows chloride cells with apical crypts facing the water (Hwang et al. 1994). These 
authors indicate that these cells constitute the main site of active ion transport up to 10 
dph. The dense presence of chloride cells in the yolksac integument of Mozambique 
tilapia embryos and larvae was verified by Ayson et al. (1994). These authors also 
demonstrated that these cells are activated when the larvae are transferred to seawater, 
indicating their role in ion trans-epithelial transport and chloride-secreting activity 
(Ayson et al. 1994, Kaneko and Shirashi 2001). Likewise, Na*, K^-ATPase activity 
in the yolksac membrane declines as the yolk-sac is being absorbed and the gills 
are developing (Kosztowny et al. 2008). Yanagie et al. (2009) found that embryos 
and larvae of this species are able to regulate the osmolality of body fluid in a range 
of 300 to 370 mOsm/kg, although in adults these levels are lower and with less 
fluctuations. The highest level was measured at two days before hatching, declining 
quickly up to hatching and more progressively during the yolksac stage up to 8 dph. 
Figure 2, taken from this study, illustrates very well the ontogenetical pattern of these 
structures related to the osmoregulation during these early days. The gills develop 
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quickly after hatching in Mozambique tilapia showing numerous chlorides cells at 
3 dph, increasing further at 10 dph with the development of secondary lamellae and 
becoming a functional ionoregulatory organ even before they start the gas exchanging 
(Li et al. 1995). 

In Nile tilapia, the osmoregulatory capacity has also been reported at hatching 
time, due to the presence of chloride cells on the yolksac epithelium and other skin 
areas (Fridman et al. 2011). During the yolk absorption, the chloride cells on the 
outer opercula and tail teguments increase their size while the chloride cells of the 
yolksac epithelium decrease in size. Concordantly, the osmoregulatory ability also 
increased during development, being constant from 2 dph until yolksac absorption 
(Fridman et al. 2012b). In Nile tilapia, the primordial opercula start covering the 
developing gills at hatching, and four gill arches with short filaments and vascularized 
lamellae are clearly observable at 1 dph. When the yolksac is practically exhausted, 
the operculum becomes completely developed covering the gill filaments (Fujimura 
and Okada 2007, Fridman et al. 2011). 


Yolk-sac membrane 


Body skin 


Frequency of MR cells Tissue osmolality 


4 -3 -2 14 0 1 2 3 4 5 6 7 8 
Days after hatching 


Fig. 2. Schematic presentation of ontogenic changes in tissue osmolality and developmental 
sequence of mitochondria-rich (MR) cells in Mozambique tilapia developing in freshwater 
(Reprinted with permission from Yanagie et al. Comp. Biochem. Physiol. (2009) 154A: 
263-269). 


6. Concluding remarks 


As corresponds to most freshwater species and to cichlids in particular, tilapias 
exhibit a quick development attaining most of the characteristics of the juvenile 
stages few days after the opening of the mouth. The digestive tract is almost 
completely developed only few days after hatching at first feeding and becomes fully 
developed in an adult-like gut including the stomach few days after. This early high 
gut functionality allows the tilapias to nourish on a wide variety of feeds during the 
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larval rearing that otherwise turns quickly in juvenile rearing. Likewise, the ionocites 
system spreads throughout the body surface at hatching and the subsequent quick gill 
development allows the larvae to cope with changes in water salinity from very early 
ages, practically from hatching. Obviously, some of these abilities are reinforced 
during post-larva/juvenile growth. 

As perceived from this short review, there is still some missing information 
on the development of this group of species in comparison with other farmed fish 
families or groups. Most of the information on ontogeny was obtained years ago and 
there are some aspects that probably need an updating. There are of course some 
new very detailed studies of some structures such as the development of the inner 
ear (Weigele et al. 2017). However, studies at molecular and genomic level during 
embryonic development and first larval stages are still scarce or not detailed enough. 
The importance of some hybrids and polyploid strains 1s evident in this group and 
there are no particular comparative studies on the ontogeny. Variability in results 
from these different strains is difficult to evaluate because the strain characteristic is 
usually not typified. Probably the high adaptive plasticity of tilapias and the success 
of these species around the world is preventing to have a better global view of their 
ontogeny. 
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1. Introduction 


Larviculture of tilapia, Oreochomis niloticus, is performed in several regions of the 
world with various production systems being used with success. Such production 
systems include fertilized earthen pond systems, hatchery systems, hapas installed 
inside earthen ponds, hapas installed inside greenhouses, concrete tanks installed 
inside greenhouses with water heating, green water systems, recirculating aquaculture 
systems, aquariums in hatcheries or small tanks and biofloc systems (Gall and Bakar 
1999, Dan and Little 2000, Sanches and Hayashi 2001, El-Sayed 2002, Little et 
al. 2003, El-Sayed and Kawanna 2004, Little and Edwards 2004, El-Sayed 2006, 
El-Sayed and Kawanna 2008, Luz et al. 2012b, Nasr-Allah et al. 2014, Ferdous 
et al. 2014, Hui et al. 2019b, Mirzakhani et al. 2019). However, nutritional needs 
and management for the different types of systems can vary depending on growing 
conditions and must be constantly improved to obtain more sustainable larviculture. 
This, in turn, promotes animal welfare and more efficient production in terms of the 
quantity and quality of animals for success in later stages of the tilapia production 
chain. 


2. Sex inversion of tilapia larvae 


The use of monosex populations in fish production can provide one or more of the 
following advantages: high growth rates, control of unwanted reproduction, reduced 
sexual/territorial behaviors, reduced variation in lot size at the end of production and 
reduced risk of environmental impacts due to the escape of exotic fish (Beardmore 
et al. 2001). Individuals of male monosex populations have higher somatic growth 
rates because most of the energy that would be needed for gonadal development and 
reproduction can be stored (Gale et al. 1999). 
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Masculinization of tilapia larvae is advantageous because males can grow 
20% faster than females (Golan and Levavi-Sivan 2014) and have more uniform 
lots in terms of size (Ugonna et al. 2018). Several studies have confirmed improved 
responses in growth, such as weight gain and specific growth rate, with male monosex 
lots of tilapia (Chakraborty and Banerjee 2010, Siddik et al. 2014, Singh et al. 2017) 
compared to mixed-sex lots. 

There are two techniques for the direct production of monosex tilapia - sexual 
inversion by hormonal induction, which is the most widely used technique in 
commercial production, and masculinization by water temperature manipulation. 
There are yet other masculinization techniques in addition to these, such as genetic 
manipulation, which is performed prior to or soon after fertilization. 


2.1. Masculinization by hormonal induction 


Masculinization of larvae through hormonal induction has been performed with a 
large number of fish species and is considered even more efficient for cichlids due to 
their early sexual differentiation (Phelps and Popma 2000). The hormones that induce 
sexual inversion allow genetic females to phenotypically express male characteristics 
and genetic males to remain phenotypically male (Pandian and Varadaraj 1988). 

There are numerous studies on the use of steroidal and non-steroidal hormones 
during gonadal differentiation of tilapia larvae (Abdelghany 1996, Abucay and Mair 
1997, Beardmore et al. 2001, Bombardelli and Hayashi 2005, Dan and Little 2000, 
Desprez et al. 1995, 2003, El-Sayed et al. 2012, Gale et al. 1999, Johnstone et al. 
1983, Kamaruzzaman et al. 2009, Leonhardt et al. 1999, Melo et al. 2019, Sayed et 
al. 2016, Wassermann and Afonso 2003), some of which were published as early as 
the 1960s and 1970s (Clemens and Inslee 1968, Eckstein and Spira 1965, Nakamura 
1975). However, administration protocols vary widely, such as the type, nature, 
dosage and route of administration of the hormone used, period of initiation and 
duration of treatment, stocking densities of the larvae and the management practices 
adopted for these procedures, which can result in different responses and influence 
the success of masculinization. 

17a-methyltestosterone is classified as a synthetic steroid. It is a methylated 
derivative ofthe natural hormone testosterone (El-Greisy and El-Gamal 2012, Piferrer 
and Donaldson 1991) and is the most commonly used hormone for sexual inversion 
of several species of fish (Devlin and Nagahama 2002, Sayed et al. 2016). The most 
common administration procedure, and with the best results (El-Sayed 2006), is oral 
administration after dissolving in alcohol and mixing with larval diet (Beardmore et 
al. 2001). A less costly technique than diet supplementation with hormone (Pandian 
and Sheela 1995) is administration by immersion baths, which involves periodic or 
continuous exposure of larvae in solution containing the masculinizing hormone. 

Studies involving the administration of 17a-methyltestosterone in diet and/or 
by immersion bath, including dosages, duration of treatment and the percentage 
of masculinization obtained, are provided in Tables 1 and 2. Studies using other 
hormones, such as 17a-methydihydrotestosterone and 17a-ethynyltestosterone 
(Wassermann and Afonso 2003) and 11a-hydroxyandrostenedione (Desprez et al. 
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2003) for the sexual inversion of O. niloticus and Florida red tilapia, respectively, are 
also provided in Tables 1 and 2. 

The hormones 17a-methydihydrotestosterone and 17a-methyltestosterone are 
of restricted use in the USA (Wassermann and Afonso 2003) and the use of synthetic 
androgens is prohibited in some European countries due to the impact they can 
have on the environment by leaving residues (Desprez et al. 2003). Some studies 
with tilapia have highlighted that, in addition to environmental impacts, the use of 
synthetic hormones such as 17a-methyltestosterone can also be harmful to the health 
of the animals themselves, with possible genotoxic effects on red blood cells (Sayed 
et al. 2016), histological changes in the liver (Gayão et al. 2013) and the presence of 
hormonal residues in the muscle of masculinized tilapia (Chu et al. 2006). Thus, the 
use of natural androgens, such as 11a-hydroxyandrostenedione (Desprez et al. 2003), 
and the use of plant extracts (Felix and Oscar 2019, Gabriel et al. 2017, Ghosal et al. 
2016, Ghosal and Chakraborty 2014, Mukherjee et al. 2018, Sani et al. 2019, Ugonna 
et al. 2018) have been presented as alternatives to alleviate these problems while 
being effective at masculinization. 


2.2. Masculinization by manipulating water temperature 


Sex determination in tilapia is genetically controlled by sex and autosomal 
chromosomes; however, environmental factors such as temperature can strongly 
influence this determination (D'Cotta et al. 2001a, Kwon et al. 2002). High water 
temperatures (between 32 and 36.5 ?C) during early larval development in tilapia 
have been shown to significantly increase the proportion of males in a population 
(Baroiller et al. 1995, 2009), as found for O. niloticus (Abucay et al. 1999, Baras et al. 
2001, Borges et al. 2005), O. aureus (Desprez and Mélard 1998) and O. mossambicus 
(Wang and Tsai 2000). However, water temperature must be manipulated before and 
during gonadal sex differentiation (Borges et al. 2005), that is, beginning about 10 
days post-fertilization (dpf) and lasting for at least 10 days (Baroiller et al. 2009). 
The ideal period for Nile tilapia is 10 to 30 dpf (Nivelle et al. 2019). 

The use of high temperatures (close to 37 °C) during the first weeks of exogenous 
feeding of O. niloticus larvae resulted in greater than 90% males (Baras et al. 2001). 
Maintenance of Chitralada strain tilapia in water at a temperature of around 35 °C 
from the 10th day after hatching resulted in about 72% males, while the control 
group (temperature around 27 °C) had about 62% males (Borges et al. 2005). 

Temperature acts on the tilapia masculinization process via a cascade of 
sexual differentiation that prevents ovarian differentiation and redirects testicular 
development (D'Cotta et al. 2001a). The structure and functions of many proteins and 
other macromolecules are strongly influenced by changes in temperature, allowing 
sexual determination as males or females (Devlin and Nagahama 2002). This 
phenomenon may be related to an unknown gene, called MM20C, whose expression 
is increased when elevated temperature stimulates the masculinization of gonads of 
O. niloticus (D'Cotta et al. 2001a). Another study with O. niloticus larvae evaluated 
the role of a protein known as cyp19ala, whose decrease or inhibition in expression 
prevents the conversion of androgens to estrogens and, consequently, blocks ovarian 


Table 1. Masculinization in tilapia larvae by inclusion of the inductor in the diet. Inductors, concentrations in diet, duration of 
treatment and male percentages (Adapted from El-Sayed 2006) 


Species 


Oreochromis sp. 
Oreochromis sp. 
O. niloticus 
O. niloticus 
O. niloticus 
O. niloticus 
Red tilapia 
O. niloticus 
Red tilapia 
O. niloticus 
. niloticus 
. niloticus 
. niloticus 


. mossambicus 


. niloticus 


. niloticus 


. niloticus 


(0) 
(0) 
O. niloticus 
(0) 
O. 


. niloticus 


Inductor 


17a-methyltestosterone 
17a-methyltestosterone 
Buccholzia coriacea seed 
Fadrozole nanoparticles 
Mucuna pruriens seed 
Asparagus racemosus roots 
17a-methyltestosterone 
Carica papaya seed meal 
17a-methyltestosterone 
Aloe vera powder 

Dried carp testes 

Tribulus terrestris seed extract 
17a-methyltestosterone 


Letrozole + 17a-methyltest. 


17a-methyltestosterone 
17a-methyltestosterone 
17a-methyltestosterone 
17a-methyltestosterone 


17a-methyltestosterone 


Concentration in diet 


60 mg/kg 

60 mg/kg 

4 g/kg 

350 and 500 ppm 
0.2 g/kg 

0.2 g/kg 

50 mg/kg 
4.27 g/kg 

50 mg/kg 
4% in diet 
100% in diet 
15 g/kg 

60 mg/kg 


100 mg letroz. + 25 mg 
17a-methyltest 


60 mg/kg 

1200 mg/kg 

60 mg/kg 

5 mg/kg 

50 and 60 mg/kg 


Duration (days) 


Male (%) 


92 (RAS!) 
66 (BFT?) 
83.33 

100 

93.79 
92.24 

100 

82.19 

100 

67.62 
88.29 
76.6 

93.3 


97 
295 
98 

75 
96.66 


References 


David-Ruales et al. 2019 
David-Ruales et al. 2019 

Felix and Oscar 2019 

Joshi et al. 2019 

Mukherjee et al. 2018 
Mukherjee et al. 2018 

Singh et al. 2018 

Ugonna et al. 2018 

Basavaraja and Raghavendra 2017 
Gabriel et al. 2017 

Shrivastav et al. 2016 and 2017 
Ghosal et al. 2016 

Jensi et al. 2016 

Das et al. 2012 


El-Sayed 2012 

Phelps and Okoko 2011 
Moreira et al. 2010 
Kamaruzzaman et al. 2009 
Rouf et al. 2008 


(Contd.) 


a4njpmoia4DT vidvpig 


661 


Table 1. (Contd.) 


00c 


Species Inductor Concentration in diet Duration (days) Male (%) References 
O. niloticus 17a-methyltestosterone 60 mg/kg 30 98.73 Neumann et al. 2009 
Red tilapia 17a-methyltestosterone 60 mg/kg 30 89.46 Neumann et al. 2009 
O. niloticus 17a-methyltestosterone 60 mg/kg 29 100 Meurer et al. 2008 
O. niloticus 17a-methyltestosterone 60 mg/kg 30 98.33 Tachibana et al. 2008 
O. niloticus 17a-methyltestosterone 70 mg/kg 25 95.4 Mateen and Ahmed 2007 
O. niloticus 17a-methyltestosterone 50 mg/kg 23 100 Bhandari et al. 2006 
O. niloticus 17a-methyltestosterone 60 mg/kg 33 100 Boscolo et al. 2005a 
O. niloticus 17a-methyltestosterone 60 mg/kg 28 100 Boscolo et al. 2005c 
Red tilapia 11a -hydroxyandrostenedione 50 mg/kg 28 100 Desprez et al. 2003 


'Recirculation Aquaculture System. ?Biofloc Technology. 
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Table 2. Masculinization in tilapia larvae by immersion bath. Inductors, concentrations in water, duration of treatment and male 
percentages (Adapted from El-Sayed 2006) 


Species 


Tilapia zilli 


Oreochromis spp. 


Inductor 


Nigella sativa seed extract 


17a-methyltestosterone 


O. niloticus Tribulus terrestris seed extract 
O. niloticus Basela alba leaf extract 

O. niloticus 17a-methyltestosterone 

O. niloticus 17a-methyltestosterone 

O. niloticus 17a-methyltestosterone 

O. niloticus 17a-methydihydrotestosterone 
O. niloticus 17a-ethynyltestosterone 
'Days After Hatching. 


Concentration in 
water 


0.15 g/L of extract 
300 ug/L 
0.15 g/L of extract 


0.1 g/L 


6 mg/L 


2 mg/L 


1800 ug/L 
1800 ug/L 


1800 ug/L 


Duration 


2 h once a week 
12h 


4 times (once weekly) 
during 30 days 


4 times (once weekly) 
during 30 days 


3 h (1* bath, 6 DAH!) 
3 h (2™ bath, 10 DAH!) 


36h 


4h 
4h 


4h 


Male (96) 


86.67 
90 
81.4 


70.3 


64.46 


85.19 
(15 DAH!) 


86 
90 


86.7 


References 


Sani et al. (2019) 
Singh et al. (2018) 
Ghosal et al. (2016) 


Ghosal and Chakraborty (2014) 


Dias-Koberstein et al. (2007) 


Bombardelli and Hayashi (2005) 


Wassermann and Afonso (2003) 
Wassermann and Afonso (2003) 


Wassermann and Afonso (2003) 


a4njmoia4D T vidon 


TOT 
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differentiation, allowing testicular development (Wang et al. 2017). As a result, 
these authors found a decrease in the expression of this protein in females and a less 
decrease in expression in males, both submitted to treatments with increased water 
temperature. 

Although several studies have confirmed the effects of water temperature on 
sexual determination in tilapia (Abucay et al. 1999, Baras et al. 2001, Baroiller et al. 
1995, Borges et al. 2005, D'Cotta et al. 2001a, b, Desprez and Mélard 1998, Nivelle 
et al. 2019, Shen and Wang 2014, Vernetti et al. 2013, Wang et al. 2017, Wang and 
Tsai 2000), the technique is influenced by many variables, and there are simpler 
masculinization techniques that present better results (Fuentes-Silva et al. 2013). 


2.3. Masculinization by genetic manipulation — Triploidy 


The triploidy technique consists of the production of sterile fish (Piferrer et al. 2009), 
with the aim of avoiding reproduction in the production environment and improving 
growth and carcass quality (Peruzzi et al. 2007, Piferrer et al. 2009). This technique 
has been generating interest, especially in tilapia production, since females spend 
a large portion of their energy on egg production and not on somatic growth (Mair 
1993, Tebaldi and Junior 2009, Tiwary et al. 2004). 

The process of triploidy induction begins soon after ovulation and sperm entry 
into the oocyte (El-Sayed 2006). The second meiotic division of the fertilized egg is 
suppressed (Maxime 2008) through physical shock treatments, such as by temperature 
(hot or cold) [in O. aureus (Byamungu et al. 2011), in O. niloticus (Hussain et al. 
1991, Razak et al. 1999) and in hybrid O. mossambicus x O. niloticus (Pradeep et 
al. 2012)] or by hydrostatic pressure [in O. niloticus (El-Gamal et al. 1999, Hussain 
et al. 1991), in O. mossambicus (Varadaraj and Pandian 1988)]. Chemical induction 
treatments [in O. niloticus (El-Gamal et al. 1999), in O. mossambicus (Varadaraj and 
Pandian, 1988)] and, more recently, electric induction [in hybrid O. mossambicus x 
O. niloticus (Hassan et al. 2018)] are other treatments for generating triploidy. 

Physical shock treatments (temperature and hydrostatic pressure) are more 
widely used for triploidy than chemical treatments (Teskeredzic et al. 1993), with 
temperature shocks being the most common, least expensive and most applicable 
to large scale fish production with satisfactory results (Tiwary et al. 2004). Despite 
being very effective, shock treatments by hydrostatic pressure are more expensive 
because they require adequate equipment and are applicable only to small and 
medium scale commercial production (Teskeredzic et al. 1993). Triploidy induction 
by electric shock has recently been presented as a viable alternative, but it remains 
a virtually unexplored technique (Hassan et al. 2018), especially in the production 
of tilapia. 

Triploidy is considered a more economical, practical and effective method for 
large-scale production of sterile fish (Maxime 2008). This method may be very 
important for controlling reproduction in tilapia, but conclusions on whether it can 
be used to improve growth performance of these fish are difficult to make (El-Sayed 
2006). 
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3. Androgenesis 


Androgenesis is a genetic manipulation technique that results in exclusively paternal 
DNA in a diploid organism (Horváth and Orban 1995, Myers et al. 1995). This 
production of homogametic super-males (YY genotype) occurs with species for 
which sex determination in males is XY, as is the case with the O. niloticus and O. 
mossambicus (Marengoni and Onoue 1998). A cross between a super-male (Y Y) and 
a normal female (XX) will produce 10096 normal male offspring (XY) (Marengoni 
and Onoue 1998, Shelton 2002). 

The process of androgenesis occurs by inactivating the genetic material of 
females by ultraviolet (UV), gamma or X ray irradiation (Karayücel et al. 2002, 
Komen and Thorgaard 2007). Subsequent fertilization of the oocyte of a female 
whose DNA was denatured by sperm of a normal male forms an egg. Physical shock 
treatments of temperature or pressure are then applied to the egg during the first 
mitotic division (Karayücel et al. 2002) and cause the sperm's genetic material to 
duplicate and form a diploid nucleus, thus producing animals with a totally paternal 
DNA. Temperature shocks are simpler to perform than hyperbaric shocks, which 
are more difficult to standardize and apply to large quantities of eggs; temperature 
shocks of up to 42 °C can be used for tilapia (Komen and Thorgaard 2007). 


4. Nutrition in tilapia larviculture 


Nutrition in tilapia larviculture has been studied for decades because it is fundamental 
for successful production. In this sense, the ability to use formulated diets beginning 
with the first feeding has facilitated the larviculture of this species. This has also 
enabled studies to develop diets with better quality in relation to protein and energy 
levels, as well as to search for alternative foods that can favor good development 
and lower cost. During this phase, the optimum temperature for best growth, feed 
conversion and survival is 28 °C (El-Sayed and Kawanna 2008). 

The use of diets for the first exogenous feeding is made possible by the 
enzymatic system present in the larvae even before the first feeding, which is 
important for the digestion and absorption of nutrients in food. The enzymes 
maltase, leucine aminopeptidase, dipeptidyl aminopeptidase IV, lipase, non-specific 
esterases, and intestinal alkaline phosphatase are present in the intestine of tilapia 
larvae before the start of exogenous feeding. However, only lipase was detected at 
three days post-hatching. Besides, due to the localization of the different enzyme in 
the intestine, undifferentiated enterocytes may be involved in enzyme production, 
especially peptidase and alkaline phosphatase, before the first exogenous feeding 
(Tengjaroenkul et al. 2002). 

Table 3 summarizes the requirements for Nile tilapia larvae. Tilapia larvae fed 
diets containing 3,000, 4,000 or 5,000 kcal of crude energy (EC)/kg of diet and 30, 
35, 40, 45 or 50% crude protein (CP) for four weeks showed lower growth rates and 
high mortality in low energy diets, regardless of the level of protein. There was no 
improvement in growth and feed conversion rates for 5096 protein at any energy 
level. A positive correlation was found between protein levels and body lipid content, 
with diets with 45% CP and 4000 kcal of energy being recommended (El-Sayed 
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and Teshima 1992). Next to that recommendation, greater growth and a better feed 
conversion ratio were found for tilapia larvae fed diets containing 4096 of digestible 
protein (DP) for 98 days, while a worse feed conversion ratio was obtained for 
20% DP. With respect to protein efficiency rate, there was a decrease as CP levels 
increased from 20 to 50% (Siddiqui et al. 1988). 

Likewise, for isoenergetic (4000 kcal/kg of diet), isocalcic and isophosphoric 
diets with 32.7, 37.0, 41.3, 45.7 and 50.0% CP, the best weight obtained after 28 
days of feeding was with 38.56% DP. Survival rate decreased with increasing levels 
of DP, which can be explained by increased excretion of nitrogenous residues due to 
the use of diets with higher levels of protein, and thus the ratio of 105 mg of DP/kcal 
of digestible energy (DE) is recommended (Hayashi et al. 2002). 

The use of diets containing 25, 35, or 45% CP for larvae fed to satiety twice 
a day for six days a week did not affect survival. However, greater growth and a 
better feed conversion ratio were achieved with 45% CP, while less growth, a higher 
hepatosomatic index, lower protein content and higher lipid content in the carcass 
were observed with the use of 25% CP. In addition, all physiological variables and 
activities of the enzymes aspartate aminotransferase and alanine aminotransferase in 
serum, liver and muscle increased significantly with increasing levels of protein in 
the diet, showing the importance of protein to the physiology of larvae. 

In addition to performance and survival, another way of assessing animal quality 
as a function of diet 1s the use of stress resistance tests. In this sense, Nile tilapia 
larvae were fed diets containing 32, 40 and 55% CP. Diets containing 32 and 40% CP 
were not specific for larvae, so they were ground to present an appropriate pellet size 
similar to the 55% CP diet (commercial diet). After 30 days of feeding, the animals 
were submitted to the air exposure test for 7 and 10 minutes. The lowest resistance 
to stress due to air exposure was for animals who were fed the diet containing 5596 
CP. For the levels of 32 and 55%, there was a reduction in the resistance to stress 
with increased time of exposure to air, confirming that 40% CP in the diet may be 
the best for this phase. According to the results of resistance to stress, the variables 
of weight and length were greater at the end of larviculture for larvae fed with 40% 
CP (Luz et al. 2012a). 

As well as assessing growth performance and resistance to stress, understanding 
the functioning ofthe enzyme system during larviculture, depending on the levels of 
crude protein in the diet, can also help in the search for more efficient management 
at this stage. Using diets with four levels of CP (30, 36, 42 and 48%) and 3400 
kj/g of diet of DE for the GIFT strain did not affect survival rates. After 10 days of 
feeding, length and weight were reduced and the relative expression of pepsinogen 
was higher in fish fed 30% CP. However, at the end of the experiment (30 days of 
feeding), weight was higher for diets with 30% and 42% CP. Relative expression of 
chymotrypsinogen, carboxypeptidase, NPY and CCK were higher in fish fed 4296 
CP. No differences were registered in the relative expression of trypsinogen and 
lipase in the first 30 days of exogenous feeding. The activities of digestive enzymes, 
such as trypsin, pepsin and chymotrypsin, were similar among diets on both 10 and 
20 days of feeding, whereas at 30 days of feeding, trypsin activity was higher for 30 
and 42% CP while pepsin activity was less for 30% CP. The 42% CP level showed 
the highest chymotrypsin activity, which demonstrated variation in enzyme activity 
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during the first 30 days of feeding due to CP level. At the end of the 30 days, the test 
of resistance to stress due to exposure to air for 7 minutes revealed that fish fed 3696 
CP had a higher survival rate (Silva et al. 2019). In this sense, the authors related that 
commercial larviculture uses the same protein level throughout the first 30 days and 
recommended a new strategy using 36 to 4896 CP for the first 10 days of exogenous 
feeding, 30 and 48% CP for days 11 to 20, and levels between 30 and 42% CP for 
days 21 to 30. 

Although these studies demonstrate that diets with more than 50% CP are 
not efficient for Nile tilapia larvae, feed industries continue to offer such diets to 
producers. These diets can lead to poor performance and worsening water quality 
due to excess water protein and greater excretion of nitrogenous products, which 
harm the environment, in addition to producing animals less resistant to stress as 
previously demonstrated. 

In addition to protein, energy requirement is also important for good development 
of larvae. An energy/protein ratio of 3.300 kcal of DE/kg of diet and 85.49 mg of 
PD/kcal of DE is recommended since higher levels of energy can lead to worse 
performance due to a low rate of food intake due to the greater inclusion of soy oil 
(Boscolo et al. 2005c). 


Table 3. Protein requirements of Nile tilapia larvae 


Nile Average weight Requirement (76) References 
tilapia (g) or age 
Larvae 0.012 45% CP! El-Sayed and Teshima 

(1992) 

0.838 40% CP Siddiqui et al. (1988) 

Three days post- 38,6% DP? Hayashi et al. (2002) 

hatch 

0.4 — 0.5 45% CP Abdel-Tawwab et al. 
(2010) 

0.010 40% CP Luz et al. (2012) 

0.010 36 to 48% CP- First 10 days — Silva et al. (2019) 

of initial exogenous feeding 
0.26 30 to 42% CP- 11 to 30 days Silva et al. (2019) 


of initial exogenous feeding 


! Crude protein 
? Digestible protein 


Knowledge of vitamin and mineral requirements is also essential in this phase 
of tilapia larviculture. Vitamin C is important as an antioxidant and improves stress 
resistance, which is a fundamental factor especially during the early stages of fish 
life. During the sexual inversion phase, estimated optimum values for vitamin 
supplementation for diets with 40% CP and 3,600 kcal of DE/kg of diet were: 859.5 
mg for weight, 765.0 mg for length and 685.7 mg of vitamin C for survival rate. 
Regarding sexual inversion, the different levels of vitamin C supplementation had 
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no effect on the masculinization rate, which was estimated to be between 89 and 
91% (Toyama et al. 2000). The estimated recommendation for mineral and vitamin 
supplementation for better performance of GIFT strain larvae is 1.8896 (Pessini et 
al. 2015). 

The use of the enzyme phytase (BASF-Natuphos 50008) for Nile tilapia larvae 
during sexual inversion, at levels of 500, 1000, 2000 or 4000 FU/kg of diet with 
diets containing 3143 kcal of DE and 30% CP, did not lead to differences in growth 
performance or survival. However, the percentage of calcium in the carcass increased 
with increasing phytase levels, and there was a better percentage of phosphorus in 
the carcass for an estimated level of 1990 UF/kg of diet (Furuya et al. 2004). 

Another important point to be considered for tilapia larviculture is the use of 
probiotics and prebiotics. The addition of 0.196 probiotic (commercial product 
guaranteeing 1010 live cells of Saccharomyces cerevisiae per gram) during sexual 
inversion did not improve performance, survival or the hepatosomatic index of the 
animals. However, bacteria of the genus Bacillus sp. were present in the intestine 
of larvae with the use of probiotics, while bacteria of the genera Bacillus sp. and 
Enterococcus sp. were present in the animals fed a diet without probiotics (Meurer 
et al. 2008). The use of yeast (S. cerevisiae, BFP, Dock Road, Felixstone, UK) at 
1.0—5.0 g/kg of diet resulted in better growth, no difference in survival rate after 12 
weeks of feeding, a greater number of red blood cells and higher hematocrit values 
(Abdel-Tawwab et al. 2008). 

The use of mananoligosaccharides (MOS; commercial product SAF-Mannan® 
containing 23% f-glucan and 21% a-mananes) as a prebiotic, in the proportions 
of 0, 0.15, 0.30, 0.45, 0.60 and 0.75% in the diet and replacing cornmeal, had no 
effect on performance, survival, moisture, protein, ether extract, ash and calcium and 
phosphorus content in tilapia carcasses during masculinization. However, the best 
feed conversion ratio was estimated at 0.34% MOS. In addition, the use of MOS had 
a positive influence on intestinal villus density and length, resulting in a mucosa with 
greater integrity, which may have been due to reduced colonization by bacteria that 
act by inhibiting their adherence to the enterocyte through the connection with the 
glycocalix (Schwarz et al. 2011). 

Alternative foods have also been evaluated for Nile tilapia larviculture. Diets 
with 20, 40 or 50% of cowpea protein concentrate had higher survival rates (96%); 
however, 20 and 30% of the protein concentrate had greater growth, indicating 
greater nutritional value for Nile tilapia larvae. Increased cowpea protein concentrate 
in the diet also reduced the amount of water in the carcass, while protein content was 
improved (Olvera-Novoa et al. 1997). The use of different vegetable protein (soybean 
meal and corn gluten) and supplementation with lysine and methionine or calcium 
and phosphorus in order to obtain isoaminoacidic, isocalcic and isophosphoric diets 
produced no improvement in performance during sexual inversion compared to diets 
with different animal protein (fish meal and poultry viscera meal) (Meurer et al. 
2005). However, the inclusion of up to 4096 of poultry viscera meal, replacing fish 
meal, was effective in sexual inversion, and led to better performance, which may 
have been related to the increase in the amount of lipids and the decrease in the 
amount of starch in the diets (Boscolo et al. 2005b). 
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The results presented here show the possibilities of using different dietary 
ingredients in tilapia larviculture. However, there remains a wide variety of 
products and by-products that must be evaluated for the development of diets that 
cost less, are more efficient for animal development and cause less pollution to the 
environment. Despite the ease of using formulated diets for Nile tilapia larviculture, 
supplementation with natural foods may provide additional alternatives. The use of 
the microalgae Spirulina platensis, either in natura or bioencapsulated in copepods, 
during sexual inversion resulted in better growth than did diet formulated for Nile 
tilapia larvae, and did not affect survival and sexual inversion rates (greater than 
90% masculinization) (Moreira et al. 2010). In fact, S. platensis was more accepted 
by tilapia larvae than were Euglena gracilis and Chlorella vulgaris (Lu et al. 2004). 
However, tilapia larvae grown with Chlorella sp. in formulated diets experienced 
better performance than when in a green water system of a fish farm or when fed a 
clear water diet (Costa et al. 2011). In addition to microalgae, Artemia nauplii and the 
combination of Chlorella + Artemia nauplii + formulated diet with 50% CP are also 
good alternatives for better growth and survival in tilapia larviculture (Al-Shamsi et 
al. 2006). 

Therefore, it is evident that diets formulated for Nile tilapia larviculture can be 
supplemented with live food resulting in improved final productivity. 

In addition to nutrition, there are other important management practices to be 
considered for successful Nile tilapia larviculture. 


5. Management during tilapia larviculture 


Various management practices adopted during larviculture can affect growth, survival 
and water quality, and thus must be taken into account for successful production 
of fingerlings. Among management practices, feeding level, stocking density, water 
salinity, feeding frequency, photoperiod and luminosity, as well as biofloc technology, 
deserve special attention. 


5.1. Feeding management 


Feeding during the early stages of development of Nile tilapia is facilitated by the 
ability to use commercial diet beginning with the first feeding, which also facilitates 
management. However, differences among several studies in feeding management 
practices have been recorded: 30-45% of body weight (Santiago et al. 1987), 30% of 
body weight (El-Sayed 2002), or 30-20% of body weight (El-Sayed and Kawanna 
2004). Some studies reduce the amount during the larviculture phase, such as initial 
feeding at 25% of body weight and gradually reducing to 10% (Ferdous et al. 2014), 
or a feeding at 20% of body weight for the first 10 days and 10% for the subsequent 
20 days (Silva et al. 2019). 


5.2. Stocking density 


Adequate stocking density is fundamental to successful larviculture because it 
maximizes growth, water use and production structure. A comparison of densities 
of 2 and 10 larvae/liter during the sexual inversion phase in hapas installed in a 
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green water system revealed similar survival rates, but reduced weight, length and 
feed conversion ratio of the larvae of the higher stocking density (Sanches and 
Hayashi 1999). A similar result was found, also for the sexual inversion phase, in 
net cage systems with densities of 1, 3 and 5 larvae/L (Vera Cruz and Mair 1994). 
Variables such as survival, masculinization efficiency and condition factor were 
found to be similar among stocking densities of 1, 3, 5 and 7 larvae/L for 30 days in 
a recirculation aquaculture system, but the higher stocking densities led to less larvae 
growth (Tachibana et al. 2008). Despite reduced growth, higher densities can result 
in greater production per area (Sanches and Hayashi 1999, Tachibana et al. 2008). 
Survival was also found to be similar for densities between 3 and 20 larvae/L in a 
recirculation aquaculture system, but there was also reduced growth with increasing 
density, except for densities of 3 and 5 larvae/L, which did not differ (El-Sayed 
2002). 

The use of small (30 x 15 x 30 cm) or large (30 x 30 x 30 cm) compartments and 
stocking densities of 20, 60, 120 and 200 larvae/L for 56 days with continuous flow 
of water did not affect larval body size, despite reduced dissolved oxygen levels with 
increasing density (Gall and Bakar 1999). Densities of 1, 10, 20 and 30 larvae/L also 
did not affect performance of Nile tilapia larvae after 28 days of exogenous feeding 
while being reared in water salinity of 2 g/L, despite increases in turbidity and total 
water ammonia, which are directly related to increased stocking density (Luz et al. 
2012b). 

Stocking density is an important consideration of management, mainly with 
regards to maximizing production area and feasibility of intensive cultivations. 
However, the different results of the studies presented here may be due to the 
different cultivation systems used and the adopted management practices, which 
makes the search for greater productive efficiency necessary. Nonetheless, it is clear 
that production can be intensified without loss of performance. 


5.3. Water salinity 


Salinity has been an important aspect of freshwater fish management because it is 
related to osmoregulation and improves the conditions of the farming environment. 
It has also been widely used in the transport of live animals and for the prevention, 
control and treatment of some diseases. 

The mechanisms of tolerance of freshwater larvae to different gradients of 
salinity are still poorly understood. However, the drinking rate for O. mossambicus 
in the early stages of life increased from 2 to 10 days after hatching, while larvae in 
seawater (33.5 g of salt/L) imbibed more water than those in freshwater. In addition, 
water permeability was lower in embryos and larvae adapted to seawater, while 
chloride ion turnover rates in seawater were 50 to 100 times higher than in freshwater 
(Miyazaki et al. 1998). 

The optimal temperature/salinity/pH combination for Nile tilapia fertilization 
was found to be 27.6 ?C/9.3 ppt/7.5, and for hatching 27.1 °C/9.2 ppt/7.4 (Hui et 
al. 2014), while the temperature/salinity combination of 28-30 “C and 4-6 ppt was 
recommended for the period of sac fry rearing (Hui et al. 2015). Reduced hatching 
rates were registered at 15 and 20 ppt, and survival at yolk-sac absorption was 
inversely related to increasing salinity with higher mortality with salinities of 15, 20 
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and 25 ppt. Besides, oxygen consumption of larvae between three- and six-days post- 
hatching in freshwater was always higher than those in 7.5—25 ppt. Salinity also had 
an inverse effect on larval standard length, producing shorter larvae from hatching 
until six days post-hatching (Fridman et al. 2012). However, exposure of newly 
hatched Nile tilapia larvae (up to 24 h post-hatching) to 4 and 6 g of salt (NaCI)/L for 
72 h caused greater osmoregulation expenditure, morphological alterations to yolk- 
sac surface and histological damage to skeletal muscle compared to freshwater or 2 
g of salt (NaCl)/L (Melo et al. 2019). 

Nile tilapia larviculture performed with a salinity of 25 g of salt (NaCI)/L and 
using acclimatization with 5 g of salt (NaCl)/L per day for 28 days resulted in sexual 
inversion failure, probably because of the stress caused by acclimatization and the 
high salinity, which may have inhibited masculinization (Moreira et al. 2011). The 
direct transfer of larvae at the time of the first feeding to different salinities (up to 
6 g of salt (NaCI)/L) led to total mortality in the maximum salinity of 6 g of salt 
(NaCl)/L before 10 days of feeding (Luz et al. 2013). Furthermore, according to 
these authors, performance and survival were lower for 4 g of salt (NaCl)/L than for 
fresh water and to 2 g of salt (NaCl)/L, which were similar at the end of 30 days of 
feeding. However, transferring freshwater larvae of hybrid red tilapia, Oreochromis 
sp., to different salinities found acute exposure to 20 g of salt (NaCI)/L to be lethal 
due to high metabolic cost, while 55.6% of larvae survived 24 h of exposure to 16 g/L 
(Rahmah et al. 2020). All larvae survived 30 days of exposure to salinities of O to 12 
g/L with similar metabolic oxygen consumption and growth performance. 

Studies have shown wide variation in the tolerance of Nile tilapia larvae to 
different salinity gradients, which may be due to different Nile tilapia strains (Basiao 
et al. 2005, Oca et al. 2015). In addition, different forms of acclimatization need to 
be better evaluated for the initial stages of tilapia cultivation with the aim of reducing 
osmotic shock, since early exposure to low salinity could confer pre-adaptation for 
exposure to higher salinities for further growth (Fridman et al. 2012). 


5.4. Feeding frequency 


The correct feeding frequency is important for reducing diet loss and improving 
the efficiency of the use of feed. Growth during the sexual inversion phase in hapas 
installed in green water was reduced with a feeding frequency of twice a day, with 
feed frequencies of four to five times a day being the most adequate (Sanches and 
Hayashi 2001). Another study with tilapia larvae grown in hapas obtained best growth 
and survival with a feeding frequency of five times a day (Ferdous et al. 2014). A 
feeding frequency of three times a day for 60 days in an indoor recirculation system 
was successful (El-Sayed and Kawanna 2004). However, using automatic feeders 
for larvae stored in hapas and comparing three feeding frequencies — 12 times/day, 
once an hour; 24 times/day, once every 30 minutes; and 48 times/day, once every 15 
minutes — revealed the best treatment to be with the feeding frequency of 48 times/ 
day (Schafer 2015). 


5.5. Photoperiod and luminosity 


Photoperiod and luminosity are directly related to the biological rhythms of 
animals. Tilapia eggs and fry are responsive to light and are influenced by light and 
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photic phase (Hui et al. 2019a, b). The optimal photoperiod/intensity combination 
for hatching was 13.45 h/1020 Ix (12.85 umolm™ s^!) (Hui et al. 20192), while a 
photoperiod of >18 h resulted in the best growth for larvae of Nile tilapia (GIFT 
strain, 7 dph); however, the optimum combination of 14-16 h/1650—1900 Ix (20.79— 
23.94 umolm ? s~!) was better for larviculture (Hui et al. 2019b). These authors also 
state that continuous lighting is not recommended. The best growth for Nile tilapia 
larvae after 60 days was with 24L:0D and 18L:6D with a constant light intensity of 
2500 lux, with18L:6D being recommended; however, the performance of fingerlings 
reared for 90 days was not affected by photoperiod (El-Sayed and Kawanna 2004). 
In a similar study, opposite results were observed during the sexual inversion phase 
(28 days) with a photoperiod of 12.5 light having better results, whereas in the post 
inversion phase (more than 46 days), longer photoperiods promoted greater growth 
of chitralized tilapia fry (Bezerra et al. 2008). These results indicate that the best 
photoperiod varies with the development of fish (El-Sayed and Kawanna 2004, 
Bezerra et al. 2008). 


6. Biofloc technology 


Biofloc technology (BFT) has been gaining more and more prominence in the 
production of tilapia, as well as in larviculture. The daily net uptake of microbial 
protein by tilapia from biofloc suspension is about 25% of the normal protein 
ration given to this species (Avnimelech and Kochba 2009). Biofloc also contains 
bioactive components such as essential fatty acids, vitamins, minerals, carotenoids 
and phytosteroids (Toledo et al. 2016). 

The application of BFT to Nile tilapia broodstock tanks and during Nile tilapia 
larviculture can improve the quality and performance of produced larvae compared 
to larvae originating from the control broodstock tanks (without the addition of 
molasses) (C). Post-challenge (Streptococcus agalactiae suspension) survival 
of tilapia larvae originating from BFT broodstock was higher than that of larvae 
originating from C broodstock. Besides, survival of larvae from C broodstock and 
larviculture in BFT was 36% higher than that of larvae from the C broodstock and 
larviculture in water (without the post-challenge addition of molasses). Larvae 
originating from BFT broodstock had higher survival of a salinity stress test (35 g/L 
NaCl) than did larvae from C broodstock (Ekasari et al. 2015), showing the benefits 
of this management practice for reproduction and larviculture. 

Although larvae of BFT had greater final length, greater gain in length and a higher 
condition factor during sexual inversion than larvae in a recirculating aquaculture 
system, the percentage of males was higher in RAS (92%), since settleable solid 
concentrations of above 35 cm in the BFT decreased the masculinization percentage 
(66%) (David-Ruales et al. 2019). 

Nile tilapia larvae (initial average body weight of 2.7 g) in biofloc showed 
an increase in weight gain from 71.8 to 319.9% greater than the control group. In 
addition, biofloc larvae experienced increased length and diameter of intestinal villi, 
which may have resulted in higher nutrient absorption and improvements in humoral 
immune responses (lysozyme activity, total protein, albumin, globulin and hemolytic 
activity) (Mirzakhani et al. 2019). 
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New technologies to improve the efficiency of sexual inversion with biofloc 
need to be evaluated since BFT provides better performance and higher animal 
quality, and is friendlier to the environment due to less water exchange (see Chapter 
14 of the present book for further details on BFT technology). 


7T. Health of Nile tilapia larvae 


As production systems intensify, the chance for health problems increases. In this 
sense, it is always important to employ prevention through good production practices, 
water quality maintenance and management (nutrition, stocking densities, food 
management and environmental conditions, etc.) that provide better performance and 
animal welfare. Nonetheless, it is important to know the products that are available to 
prevent and control diseases. 

As preventive management, supplementation with different levels of baker's 
yeast (S. cerevisiae) (0.25 to 5.0 g/kg of diet) for 12 weeks showed decreased mortality 
10 days after intraperitoneal injection with the bacterium Aeromonas hydrophila with 
increased yeast supplementation. This finding indicates that, in addition to improving 
fish growth, supplementation with yeast also improves resistance to infection, with 
the optimal level of yeast in the diet being 1.0 g/kg (Abdel-Tawwab et al. 2008). Nile 
tilapia larvae fed with Epi-1 transgenic Artemia cysts acquired enhanced immunity 
toward bacterial challenge with Gram-positive Streptococcus iniae or Gram-negative 
Vibrio vulnificus (204), and so this feed should be considered a potential functional 
feed for tilapia larvae (Ting et al. 2018). The use of the truncated growth hormone 
produced in the supernatant of Pichia pastoris culture stimulates innate immune 
parameters (lysozyme and lectins) in tilapia larvae (Acosta et al. 2008). Salinity (>5 
ppt) could be effective in improving the survival of embryos and larvae and help 
prevent parasites, bacteria and viruses in commercial hatcheries (Hui et al. 2014). 
However, there are some tilapia strains that are more sensitive to salinity than others. 

Treatments of formalin 1:40,000 and sodium chloride 2.5 g/L plus formalin 
1:40,000 eliminated 100% of the parasites (cutaneous monogenoid Gyrodactylus sp. 
and cutaneous protozoa Trichodina sp. and Ichtyophthirius sp.) of larvae of common 
tilapia submitted to long-term baths (10 days) (Silva et al. 2009). 

The tilapia lake virus (TILV) has become a major worldwide concern for tilapia 
production. Collections carried out in Thailand from 2012 to 2017 from four different 
hatcheries located in four provinces found the majority of tested samples of fertilized 
eggs, yolk-sac larvae and larvae to be TiLV positive (Dong et al. 2017). According 
to these authors, over 40 countries worldwide have imported tilapia larvae and 
fingerlings, requiring care to control and prevent further spread of TiLV. 


8. Considerations and perspectives 


Tilapia larviculture has been experiencing rapid growth globally to meet the demand 
of the growing production of the species. The constant search for new technologies 
and biotechnologies for more sustainable production that provides better well- 
being is fundamental for continuity in the availability and quantity and quality 


212 Biology and Aquaculture of Tilapia 


of fingerlings. In this sense, studies of nutrition, macronutrients and the use of 
probiotics and prebiotics that are efficient at producing fingerlings that are more 
resistant to post-larviculture stress (harvesting, fasting, transport and release in a 
new environment) are important. Another important consideration is the continued 
search for better health control measures in hatcheries where fingerlings are sold 
to different fish farms to prevent the spread of diseases, such as tilapia lake virus 
(TiLV), among others. 
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1. A brief introduction to biological rhythms 


Life on Earth is constantly facing cyclic environmental changes due to rotational and 
translational movements of the planet, which generate the day/night cycle, tides and 
seasons. Most of these cycles are predictable and have, thus, fostered organisms to 
develop biological clocks that keep track of them. Through these clocks, organisms 
can anticipate environmental changes and time physiological processes, such 
as locomotion, feeding and reproduction, to occur at specific times of the day or 
year, increasing their efficiency and survival, and minimizing energy expenditure 
(DeCoursey 2004). 

Therefore, living organisms present many processes that occur in a periodic 
and repeatable manner that are called biological rhythms. The first observations 
of the presence of biological rhythms date back to ancient Egypt and Greece, 
where naturalists noted the rhythms of birdsongs and movements of the leaves of 
some plants. In the 4th century BC, Androsthenes, a naturalist who travelled with 
Alexander the Great, described the daily rhythms of leaves opening and closing, 
although he assumed that they were responses to environmental stimuli and changes 
in astronomic cycles (DeCoursey 2004, Madrid 2006). The first scientific report of 
a biological rhythm was provided by French astronomer Jean Jacques d'Ortous de 
Mairan who, in 1729, reported the follicular movements of the plant Mimosa pudica. 
de Mairan observed that opening and closing movements in leaves remained under 
constant darkness (DD) conditions for several days, with a period close to the 24- 
hour periodicity observed in a normal light/dark (LD) cycle (de Mairan 1729). 

This persistence under constant environmental conditions was first described by 
de Mairan, and is one of the main characteristics of biological rhythms. In addition, 
biological rhythms can be classified according to their periodicity: circadian, with 
a period of approximately 24 h; ultradian, with a period shorter than 24 h (i.e. tidal 
rhythms or the firing rate of some neurons and pacemaker cells); infradian, with a 
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period lasting more than 24 h, which can range from some days to one month (lunar 
rhythms), and even to a whole year (López-Olmeda 2017). The latter are also called 
seasonal rhythms, which are quite common in vertebrates and involve processes such 
as migration and hibernation, and especially reproduction (Goldman et al. 2004, 
Chemineau et al. 2007). Of all biological rhythms, the most prominent, and thus the 
most widely studied, are daily or circadian rhythms. 


2. The circadian system 


Circadian rhythms are controlled by the circadian system, which is usually divided 
into three different components: input signals, a pacemaker and output pathways 
(Pando and Sassone-Corsi 2002, López-Olmeda 2017). In the summarized scheme of 
the generation of biological rhythms (Figure 1), the animal receives an input from a 
synchronizer or zeitgeber, which can have an external (light and temperature cycles, 
tides) or internal origin (nutrients, hormones, nervous signals). The synchronizer 
acts on a pacemaker or oscillator by entraining the phase of biological rhythms. An 
oscillator is a system of components that can generate a rhythm even in the absence 
of external cues. This oscillator constitutes a functional anatomical region capable 
of sustaining its own oscillations and entraining other oscillations, and is called a 
pacemaker. The outputs of pacemakers are the biological rhythms (also called overt 
rhythms), which can be defined as rhythms in an observable characteristic that is 
directly or indirectly linked with, and controlled by, a pacemaker (Pando and 
Sassone-Corsi 2002, Johnson et al. 2004, López-Olmeda 2017). 


SYNCHRONIZERS 


(light, temperature, food, tides,...) 


INPUT 


PACEMAKER (OSCILLATOR) 


OUTPUT 


BIOLOGICAL (OVERT) RHYTHMS 


(locomotor and feeding activity, hormonal and 
metabolic rhythms,...) 


Fig. 1. Summarized scheme of the circadian system. 
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In mammals, the master pacemaker ofthe circadian system is the suprachiasmatic 
nucleus (SCN), a brain area located in the hypothalamus (Dibner et al. 2010, 
Welsh et al. 2010). Light (through LD cycles) is the most important input signal 
that synchronizes the SCN. Hence, this pacemaker is also called light entrainable 
oscillator, or LEO (Reppert and Weaver 2002). In addition to mammals, the LD cycle 
is considered the main synchronizer for the rhythms of all animals. Nevertheless, 
in most species from invertebrates to vertebrates, biological rhythms can be 
synchronized by other cyclic factors, such as temperature, food and tides (Rensing 
and Ruoff 2002, Mistlberger 2009, Tessmar-Raible et al. 2011). 

In the circadian system of fish, some decades ago it was thought that the master 
pacemaker was located in the pineal gland (Edwards 1988, Dunlap 1999). However, 
in the last years, the idea of a few centralized structures that generate all circadian 
rhythms in fish has been challenged. Firstly, many rhythms are maintained in pineal- 
ablated fish (Sánchez-Vázquez et al. 2000, Yadu and Shedpure 2002). Secondly, data 
from invertebrates and vertebrates, excluding mammals, indicate that the circadian 
system may be scattered throughout the organism, and each cell possesses an 
autonomous clock (Plautz et al. 1997, Whitmore et al. 1998, 2000, Giebultowicz 
et al. 2000). 


2.1. The molecular clock 


The discovery of molecular mechanisms that control circadian rhythms merited 
the 2017 Nobel Prize in Physiology or Medicine, awarded to Drs. Jeffrey C. Hall, 
Michael Rosbash and Michael W. Young (Ibáñez 2017). The generation of all 
circadian rhythms relies on the molecular clock, present in each cell, which consists 
of a self-sustainable mechanism formed by positive and negative loops (Figure 2) 
(Pando and Sassone-Corsi 2002, Vatine et al. 2011). In vertebrates, including fish, 
the positive elements are the genes clock and bmal (also called arntl), while the 
negative elements are the genes period (per) and cryptochrome (cry) (Pando and 
Sassone-Corsi 2002, Vatine et al. 2011). The positive elements Clock and Bmal 
present a DNA binding domain of the helix-loop-helix (bHLH) type and a protein- 
protein interaction domain named PAS. Clock and Bmal heterodimerize by means of 
their PAS domains in the cytosol and constitute the Clock: Bmal dimer, which is an 
active transcription factor. Then, Clock:Bmal is translocated to the nucleus where it 
induces the expression of a diverse array of genes by binding to E-boxes, a sequence 
present in the promoter region of these genes. The E-box sequence is CANNTG 
with a canonical sequence of CACGTG (Gekakis et al. 1998, Hogenesch et al. 1998, 
Reppert and Weaver 2002). The genes activated by the Clock:Bmal transcription 
factor are also known as Clock-Controlled Genes (CCGs) which, in mammals, seem 
to account for up to 10% of the transcriptome (Panda et al. 2002). Besides these 
genes, Clock:Bmal stimulates the transcription of other clock genes (Figure 2): per, 
cry, reverba and rora (Jin et al. 1999, Ripperger et al. 2000, Vatine et al. 2011). 

In the negative loop, the Clock:Bmal complex activates the transcription of per 
and cry. Then, the Per and Cry proteins enter the nucleus and inhibit Clock:Bmal by 
closing the negative loop (Kume et al. 1999, Shearman et al. 2000). In addition, the 
Clock:Bmal complex activates the transcription of reverba and rora, which form 
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Fig. 2. Scheme of the molecular clock of teleost fish. Clock and Bmal are the positive elements 

of the clock, and activate the expression of clock-controlled genes (ccks) by binding to the 
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elements and inhibit Clock:Bmal. In addition, Rev-erba and Rora constitute the stabilizing 

loop, which provides robustness to the main loops. The expression of per and cry may also be 
stimulated by direct light exposure. Adapted from Vatine et al. (2011). 


the so-called stabilizing loop (Preitner et al. 2002, Reppert and Weaver 2002, Vatine 
et al. 2011). The elements Rev-erb a and Rora act mainly on the control of the bmal 
transcript through its binding to the Rev-erb/Ror responsive elements (Rre) in the 
promoter (Ueda et al. 2002, Reppert and Weaver 2002). The stabilizing loop confers 
robustness and stability to both the positive and negative loops (Vatine et al. 2011). 
Moreover, in some fish species, such as the zebrafish, per and cry expression can be 
induced directly by light exposure. Zebrafish cells from all tissues present non-visual 
opsins that can be stimulated by light (Whitmore et al. 1998, 2000, Vatine et al. 
2011). The activation of these opsins after receiving light stimulates, in turn, factors 
like Tef, which bind to a specific region, known as D-box, of the promoter of some 
genes such as per and cry (Ben-Moshe et al. 2010, Mracek et al. 2012). 

In Nile tilapia (Oreochromis niloticus), many clock genes have been identified 
and the daily rhythmic oscillations in these genes have been reported (Costa et al. 
2016a, Wu et al. 2018). The genes from the positive (clock! and bmall), negative 
(perlb, per3, cryla, cry2 and cry5) and stabilizing loops (reverba) display daily 
variations with peaks at similar LD cycle times as other teleost fish, such as zebrafish 
(Danio rerio), goldfish (Carassius auratus), medaka (Oryzias latipes), gilthead sea 
bream (Sparus aurata) or Senegalese sole (Solea senegalensis) (Cahill 2002, Velarde 
et al. 2009, Martín-Robles et al. 2012, Vera et al. 2013, Cuesta et al. 2014, Gómez- 
Boronat et al. 2019). In general, the genes from the positive loop peak around the end 
of the light phase, whereas the genes from the negative and stabilizing loops present 
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a peak in the antiphase, with the highest expression appearing at the end of the dark 
phase or the beginning of the light phase (Figure 3) (Costa et al. 20162). 
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Fig. 3. Daily rhythms ofclock genes at 18 days post-fertilization (dpf) in Nile tilapia larvae. The 

analyzed genes are clock! (squares), bmal1 (circles), per1b (triangles) and cry5 (rhombuses). 

The white and black bars above the graph indicate the light and dark phases, respectively. 
Modified from A.H. Espirito Santo et al. (unpublished data). 


In tilapia, clock gene rhythms have been reported in several tissues, such as the 
brain, liver and muscle (Costa et al. 2016a, Wu et al. 2018). Rhythms in clock genes 
can also be detected in whole larvae homogenates early in development (Figure 3) 
(Espirito Santo et al. unpublished data). Of the factors that synchronize clock gene 
rhythms in tilapia, the LD cycle seems the most important one, especially for central 
tissues like the brain (Costa et al. 20162). In addition, food can influence the rhythm 
of clock genes in peripheral tissues like the liver. In the experiment by Costa et al. 
(20162), two tilapia groups were fed once a day at different fixed times: in the middle 
of the light phase (ML) and in the middle of the dark phase (MD). The phase of clock 
genes in the liver of the fish fed at ML was the same as in the brain, and the same as 
that observed in animals fed at random times, which was the expected phase in fish. 
However, shifting the feeding phase to MD induced a partial 6- to 8-hour shift of 
several clock genes in the liver (Costa et al. 20162). This partial shift due to feeding 
time has been reported in the peripheral tissues of other fish species like zebrafish 
and gilthead sea bream (López-Olmeda et al. 2010, Vera et al. 2013), and indicates 
that food plays an important role as a synchronizer in peripheral tissues, unlike 
central tissues like the brain, where no effect due to feeding time was observed. 
In addition to feeding time, nutritional state can affect the rhythms of clock genes 
in peripheral tissues. For instance in skeletal muscle, starvation induces changes in 
some clock genes by shifting their phase, or by even suppressing their oscillations 
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(Wu et al. 2018). These changes induced by starvation are also reflected in changes 
in the rhythms of myogenic factors (Wu et al. 2018). Finally, clock genes have been 
shown to be involved in other processes in Nile tilapia, such as response to parasite 
infection (Ellison et al. 2018), response to cold stress (Li et al. 2020) and autophagy 
(Wu et al. 2020). 


3. Rhythms of behavior of tilapia 


In most vertebrates, the existence of a rest-activity rhythm regulated by the circadian 
clock and synchronized to environmental cycles is an evolutionary conserved 
phenomenon. Rhythms in behavioral patterns have been described in a wide variety 
of freshwater and marine fish species under an LD cycle. Fish can be classified into 
several types according to when they show most of their daily swimming activity: 
diurnal, nocturnal, crepuscular, and combinations of these. 

In Nile tilapia, Vera et al. (2009) found wide variability in behavioral patterns in 
both male and female individuals. Under an LD cycle, 7596 of males showed daily 
rhythms of locomotor activity, with 45% of them being diurnal. However, only 55% 
of female tilapia displayed rhythmicity, and 8596 of those were diurnal. These results 
contrasted those with previously accepted knowledge showing that Nile tilapia was 
a diurnal species by not only revealing the existence of inter-individual and sex- 
dependent differences in their rhythmicity, but also supporting the hypothesis that 
freshwater fish species possess a plastic and flexible circadian system that may allow 
them to adapt to a relatively unstable environment (Reebs 2002). The reproductive 
activity of female Nile tilapia seems to clearly affect their daily locomotor rhythms. 
This species is a mouthbreeder, and spawning events interfere with activity patterns. 
Some female tilapia showed less activity levels from the start of egg incubation to 
several days later, whereas this decreased activity in others started a few days before 
spawning and was accompanied by loss of rhythmicity (Vera et al. 2009). 

In Nile tilapia aquaculture, feed costs account for a high percentage of total 
operational costs. Therefore, feeding rhythms should be considered when designing 
feeding strategies to optimize these costs and to improve production efficiency. 
Fortes-Silva et al. (2010) used self-feeders to record feeding activity patterns in male 
Nile tilapia under an LD cycle, and found that feeding occurred mostly at night, with 
up to 93% of food demands in the dark phase and most feeding events concentrated 
immediately after lights went off. However, locomotor activity remained diurnal, 
with 6796 of activity displayed in the daytime with a peak at around ML. These 
results showed the existence of phase independence between both behavioral 
rhythms in Nile tilapia, and further support the hypothesis that this fish species may 
possess a plastic circadian system which would allow it to display dual phasing 
behavior. As in other species, this flexibility might be an adaptation to potential food 
availability variations in their natural environment (Boujard and Leatherland 1992). 
Actually, Reebs (2002) proposed that foraging success could be the key factor to 
explain such plasticity of behavioral patterns in fish, which would be controlled by 
food availability, inter- and intraspecific competition, or even by the ability of fish 
to detect food in their habitat depending on other environmental conditions (e.g. 
lighting). 
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Different light regimes have been used to investigate the effect of photoperiod 
on locomotor and feeding activities in Nile tilapia. Veras et al. (2013) tested five 
different photoperiods (0L:24D, 6L:18D, 12L:12D, 18L:6D, 24L:0D), and observed 
a strong effect of light treatments on both locomotor and feeding activity levels in 
fingerlings. Locomotor activity was maximum when fish were kept in a 12L:12D 
photoperiod (around 4,500 registers/day), whereas exposure to continuous darkness 
(0L:24D) lowered fish activity levels to around 1,000 registers/day. Feed intake 
was also affected by photoperiod and showed minimal levels under the 0L:24D 
photoperiod, which coincided with the lowest locomotor activity levels. However, no 
differences appeared in the number of feeding events between the other photoperiods 
investigated in that study. The authors linked the reduced feed intake in the tilapia 
kept in continuous darkness with their lower energy demands under such conditions, 
when locomotor activity levels were also minimal. These findings suggested that 
Nile tilapia is a visual forager and, therefore, feed intake would increase when fish 
are exposed to longer light phases as they are able to better locate food (Dabrowski 
1975, Veras et al. 2013). However, the data obtained by Fortes et al. (2010), who 
used self-feeders, do not support this theory. 

Although the LD cycle has been considered the most powerful synchronizer 
of behavioral rhythms in animals, imposing fixed feeding schedules can also act as 
a strong zeitgeber, and it is well-known that animals have developed mechanisms 
that allow them to synchronize their behavioral rhythms to food availability, which 
improves food acquisition and utilization. In fact, numerous fish species show food 
anticipatory activity (FAA), which is characterized by increased locomotor activity 
before mealtime (Davidson et al. 2003). Previous research conducted in juvenile 
Nile tilapia has shown that feeding cycles are able to synchronize activity rhythms 
in this species. Consequently, the fish fed at ML showed a diurnal pattern of activity, 
whereas those fed at MD presented a disrupted pattern of locomotor activity in which 
the differences in activity levels between day and night were considerably smaller. 
All this reveals that feeding time had a strong synchronizing effect on this species 
(Guerra-Santos et al. 2017). However, in that study, tilapia did not become nocturnal 
when fed at night, as seen in other teleosts (Sánchez and Sánchez-Vázquez 2009, 
Sánchez et al. 2009, Vera et al. 2013), but the relative power of light and food signals 
to synchronize biological rhythms vary between fish species depending on diurnal/ 
nocturnal activity patterns and feeding habits (Zhdanova and Reebs 2006). 

In order to determine whether behavioral rhythms in Nile tilapia are under 
endogenous control, constant environmental conditions (DD) and ultradian LD 
pulses have been employed (Vera et al. 2009). In DD, 50% of fish displayed self- 
sustained circadian rhythmicity and locomotor activity free-ran with t ranging from 
23.5 to 25.2 h. However, when 45-minute LD pulses were used, 5896 of individuals 
showed circadian activity rhythms with t ranging from 21.0 to 24.7 h in this case 
(Figure 4). With ultradian LD pulses, fish displayed their activity mostly in dark 
phases in both the tilapias that had displayed diurnal and nocturnal patterns under a 
12L:12D photoperiod. This finding suggests that the circadian rhythm can be split 
into two components or could result from a negative light-masking phenomenon. 

The endogenous control of activity patterns in tilapia has also been investigated 
after reversing the photoperiod from 12L:12D to 12D:12L. Under these conditions, 
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33% of tilapia showed gradual resynchronization to the new phase, characterized 
by the existence of transient cycles of activity. The rest of the fish either changed 
their activity rhythm phase immediately after reversing the photoperiod or did not 
resynchronize at all (Figure 4) (Vera et al. 2009). Altogether, these results indicate 
the existence ofa circadian clock in Nile tilapia, but also suggest that this clock might 
not be as robust as in other vertebrate species, which agrees with the flexibility and 
wide inter-individual variability observed when behavioral rhythms are displayed 
under LD conditions. In fish, multiple tissues have photoreception ability and can 
synchronize to the environmental photocycle (Whitmore et al. 2000). Therefore, the 
coupling between the various oscillators could differ between individuals and would 
depend on physiological and environmental conditions (ligo et al. 1994). 
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Fig. 4. Locomotor actogram from tilapia exposed to different subsequent photoperiods 

(A) and the periodogram analysis of tilapia subjected to DD (B) and ultradian light pulses 

(45:45 min LD) (C). Actogram is double-plotted for better visualization purposes. The white 

and black bars at the top of each graph indicate the light and dark periods, respectively. 

The free-running rhythm (tau) period is indicated above the periodograms (Adapted from Vera 
et al. 2009). 


4. Rhythms of the digestive system of tilapia 


The rhythmicity of digestive physiology has been widely investigated in mammals, 
and more recently, numerous studies have also focused on fish. The rhythmic 
secretion of digestive enzymes has been described in several species (Vera et al. 
2007, Montoya et al. 2010a, López-Olmeda et al. 2012, Lazado et al. 2017), as has 
the existence of feed anticipatory activity in other digestive factors, such as gastric 
acidification (Yüfera et al. 2012, Lazado et al. 2017) and gastric evacuation (da Silva 
Reis et al. 2019). These rhythms are entrained by food availability cycles and driven 
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by changes in the expression of clock genes which, in turn, regulate the expression 
of the genes involved in lipid metabolism and other digestive functions (Vera et 
al. 2013, Betancor et al. 2014, Paredes et al. 2014, 2015, Betancor et al. 2020) to 
improve the gut's adaptability in the daytime and to ensure optimal food breakdown 
and nutrient absorption and utilization. In fact, Nile tilapia producers from Brazil 
have not traditionally changed fish daily mealtimes in the production cycle given the 
general idea that doing so might result in diet waste and, consequently, economic 
loss. Caldini et al. (2013) investigated the effects of minor changes on tilapia's on- 
going feeding strategy to show that delaying the fish feeding schedule for only 1 h 
halfway through the production cycle resulted in major negative effects on tilapia 
survival and growth performance. The most dramatic result that these authors found 
was a 60% reduction in fish survival when the three meals they received per day were 
delayed for 1 h. In addition, the tank yield in this group was 43% lower than in the 
tilapia subjected to the same feeding schedule throughout the whole study, which was 
probably due to more feed waste which led to fish malnutrition and poorer growth 
performance. Altogether, these experimental results supported the feeding strategy 
followed by Brazilian farmers in tilapia production and proved that imposing fixed 
mealtimes is a key factor to ensure successful feeding management in aquaculture 
as it is linked with not only the appearance of food anticipatory activity in fish, but 
also with the subsequent optimization of feed intake and digestion. The optimization 
of nutrient utilization relies on the synchronization of numerous digestive processes. 

Early works into Nile tilapia from the wild described a diet feeding behavior 
pattern that resulted in stomach fullness variations in the daytime, with a higher 
proportion of empty stomachs at night between 00:00-06:00 h. In addition, stomach 
pH values were lower in the afternoon when stomach fullness was greater. A 
decrease in pH was found when ingestion started and continued to fall as stomach 
contents increased, which suggested acid secretion (Getachew 1989). The acid 
phase of digestion induces the conversion of pepsinogen into pepsin and allows very 
efficient extracellular protein hydrolysis (Yufera et al. 2012). As feeding activity 
depends on daily and seasonal cycles of food availability, an anticipatory response of 
gastric acidification to regular feeding patterns would be beneficial for finely tuning 
digestion in fish. Another crucial factor involved in food consumption and breakdown 
is the secretion of digestive enzymes. In tilapia species, several enzymes involved in 
digestion have been described to date, such as pepsin-like, amylase, trypsin, alkaline 
phosphatase and esterase (Nagase 1964, Cockson and Bourne 1972, Moriarty 1973, 
Klaren et al. 1993, Li and Fan 1997, Tengjaroenkul et al. 2000). A few studies have 
investigated the existence of daily rhythmicity in the activity of digestive enzymes in 
Nile tilapia, along with their entrainment by feeding time. In unfed tilapia, Montoya- 
Mejía et al. (2016) found generally greater activity at nighttime than in the daytime. 
Thus, pepsin-like activity increased with time of day, whereas alkaline proteases, 
trypsin and amylase activity declined in the early hours of the morning and peaked at 
night. Lipase activity showed minimum levels at midday and chymotrypsin activity 
showed no daily rhythmicity. However, when fish were fed ad libitum, pepsin-like 
activity was greater than under fasting conditions, and its profile showed a secondary 
peak in the morning and a major peak at night. For alkaline proteases, trypsin, 
chymotrypsin and amylase, marked activity was observed for most of the day, 
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although a decrease took place at midday. These authors concluded that in the absence 
of food stimuli, the activity of most digestive enzymes showed daily rhythmicity and 
were synchronized to the light-dark cycle. Secretion of enzymes was generally lower 
immediately before sunrise and started to increase at sunset to reach maximum levels 
at nighttime. When tilapias were fed ad libitum, higher nocturnal secretion persisted 
but, in this case, the average activity levels were higher than in the fasting fish. These 
results suggest that designing feeding schedules that overlap the times of day when 
enzyme activity is maximal (1.e. at nighttime) would improve nutrient utilization. 
However, other studies have shown that Nile tilapia performance is lower when fish 
are fed at night (Sousa et al. 2012). Therefore, further research on this topic is needed 
to clarify the potential link among rhythms in digestive enzyme activity, feeding 
schedules and feed efficiency. In a subsequent study on tilapia, Guerra-Santos et 
al. (2017) investigated the potential of different mealtimes to entrain the secretion 
of digestive enzymes. Fish were divided into two groups and fed at either ML or 
MD. After 30 days under these feeding conditions, alkaline protease in the midgut 
showed a daily rhythm of activity in both experimental groups, but the time of day at 
which activity was maximal (rhythm acrophase) differed depending on feeding time. 
Consequently, the fish fed at ML showed the acrophase almost 2 h later (Zeitgeber 
Time, ZT = 00:43 h) than those fed at MD (ZT = 23:04 h) (Figure 5). However, 
amylase and acid protease activities showed no significant daily rhythmicity in any 
feeding group in that study. According to the authors of that study, lack of rhythmicity 
in amylase activity might be related to either the long digestive process that takes 
place in tilapia and/or their common consumption of food containing large amounts 
of carbohydrates which might require constant high amylase secretion levels to be 
digested. In addition to digestive enzymes, that study also looked at plasma glucose 
and found a remarkable effect on the acrophase of the daily rhythm, which was 
observed at ZT = 23:11 h in tilapias fed at ML and at ZT = 11:33 h in the MD 
group, almost in the antiphase (Guerra-Santos et al. 2017). The daily rhythm in blood 
glucose might be linked with several metabolic processes, such as hormone release, 
glucose uptake in peripheral organs, insulin resistance rhythmicity and feeding 
habits (López-Olmeda et al. 2009, Kalsbeek et al. 2014, Jhaa et al. 2015). In tilapia, 
glucose levels return to basal concentrations 12 h after feeding, whereas this takes 
between 18 and 25 h for carnivorous species (Sang-Min et al. 2003, Montoya et al. 
2010b), which also seems to be related to the omnivorous habits of tilapia, a species 
that would better cope with a diet rich in carbohydrates. The feeding-entrainment of 
digestive enzyme secretion and blood glucose levels in tilapia agrees with the results 
obtained in other fish species, and supports the hypothesis that the synchronization 
of digestive functions to a regular meal schedule is extended among vertebrates and 
confers evolutionary advantages by gaining maximum food use. 

More recently, the influence of different temperature regimes on the expression 
of the genes coding for digestive factors has also been investigated in tilapia larvae. 
To this end, two experimental groups were formed: daily thermocycle (TC; 31°C: 
25°C) and constant temperature (28°C). The photoperiod was set at 12 h L:12 h D 
and, in the TC group, the thermophase (high temperature phase, 31ºC) coincided 
with the light phase, whereas the cryophase (low temperature, 25°C) coincided 
with the dark phase. The results of this study revealed a correlation between the 
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Fig. 5. Daily rhythm of alkaline protease in Nile tilapia fed in the middle of the light (A) and 
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existence of thermocycles and more robust rhythmicity in the expression of most of 
the investigated genes: chymotrysinogen, trypsinogen, lipase, maltase, isomaltase, 
neuropeptide y and cholecystokinin. The feeding schedule had a major effect on these 
rhythms, with acrophases found at around mealtimes (Espirito Santo et al. 2020). 
These data suggest that using thermocycles instead of constant temperatures might 
also improve digestive processes, which could be applied when designing tilapia 
larviculture protocols. 

The photoperiod is also an important factor that can influence food utilization in 
Nile tilapia. In fingerlings, longer photoperiods, such as 18L:6D and 24L:0D, have 
resulted in better feed conversion rates and protein efficiency than short photoperiods 


232 Biology and Aquaculture of Tilapia 


(6L:18D). However, fish subjected to 0L:24D and 12L:12D obtained similar values, 
which were also statistically comparable to those observed at 6L:18D, 18L:6D and 
24L:0D. These results also correlated with higher growth rates in tilapia fingerlings 
under the 12L:12D, 18L:6D and 24L:0D photoperiods (Veras et al. 2013). These 
authors speculated that the best feed conversion rate and protein efficiency observed 
in tilapia under long photoperiods could be due to the longer intervals between the first 
and second feeding events, which would improve digestive processes and nutrients 
retention and, therefore, would increase fish growth. Previous research by Gross 
et al. (1965) supports this hypothesis as they showed that longer photoperiods can 
affect fish growth by both stimulating feed intake and improving the feed conversion 
ratio. A subsequent study looked at the effect of different light regimes on metabolic 
rates and energy loss in tilapia to find that fish better conserved energy under long 
photoperiods. For all the photoperiods tested in the study (3L:3D, 6L:6D; 12L:12D; 
24L:24D), time-dependent variation appeared in the metabolic rate, which showed 
significant rhythmicity when fish were kept under a 12L:12D photoperiod, with 
higher oxygen consumption levels in the light phase. Feeding time also impacted the 
metabolic rate, with a post-prandial increase that was probably caused by the extra 
energy needed to transport food along the digestive tract and to carry out all digestive 
processes (Biswas and Takeuchi 2002). 

To summarize, all these studies show that feeding regimes, thermocycles and 
photoperiods have a potent effect on digestive and metabolic rhythms in Nile tilapia. 
Accordingly, suitable protocols need to be designed in aquaculture facilities to 
optimize fish welfare and performance and, at the same time, to avoid unnecessary 
costs associated with aquafeed. 


5. Rhythms of the endocrine system of tilapia 


The pituitary is considered the master gland of the vertebrate endocrine system and 
the axis controlling it, the hypothalamus-pituitary axis, is a key regulator of vertebrate 
homeostasis (Lóhr and Hammerschmidt 2011). In addition to this axis, other 
important endocrine tissues in vertebrates include the thyroid gland, gut, pancreas, 
liver, gonads and adrenal glands (interrenal cells in fish) (Kriegsfeld and Silver 
2006, Haus 2007, Lóhr and Hammerschmidt 2011, Isorna et al. 2017). Biological 
rhythms are pervasive to most factors produced by these glands and organs of the 
endocrine system of vertebrates, from fish to mammals (Haus 2007, Cowan et al. 
2017, Isorna et al. 2017). These rhythms present different periodicities. Although 
daily rhythms are the most frequent, in some species several endocrine factors, such 
as the growth hormone (Gh) or glucocorticoids can display ultradian rhythms as they 
have pulsatile peaks of release in the daytime (Veldhuis and Bowers 2003, Tondsfelt 
and Chappell 2012). Seasonal rhythms are frequent in endocrine factors, especially 
those involved in reproduction (Cowan et al. 2017). In addition, not only hormones 
display biological rhythms in fish, but also other factors that play an essential role in 
endocrine physiology, such as hormone receptors and binding proteins (Cowan et al. 
2017, Isorna et al. 2017). 

In tilapia, daily rhythms have been reported in many hormones from several 
different endocrine axes and organs. For instance, Costa et al. (2016b) extensively 
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analyzed the rhythmicity of the mRNA levels of factors from the somatotropic 
(growth) axis of Nile tilapia. This axis is the principal stimulator of growth in fish, 
mainly due to the actions of Gh and Insulin-like growth factor 1 (Igf-1) on cell 
hypertrophy and hyperplasia, especially in muscle (Reinecke 2010). Gh is produced 
in the pituitary gland and acts on many target tissues, with the liver and muscle being 
the most important (Montero et al. 2000). Besides stimulating growth, Gh induces the 
production of Igfs in target tissues, mainly in the liver which, in turn, also stimulates 
growth (Le Roith 2003). Both Gh and Igf exert their actions via their binding to the 
Gh and Igf receptors present in the cell membranes of target tissues (Canosa et al. 
2007). In Nile tilapia, igf/ expression levels display variations along the day, with the 
highest values located at around the beginning of the light phase, more precisely 3 h 
after lights on (Costa et al. 2016b). In their study, the authors did not find any daily 
rhythms in the other hormones from the somatotropic axis of tilapia, although such 
variations have been reported in other teleost species (Cowan et al. 2017). Despite 
lack of rhythms in most hormone transcripts, the authors found daily rhythms in 
most of their receptors for both Gh (ghr/ and ghr2) and Igf-1 (igflra and igf2r) 
(Costa et al. 2016b). These rhythms occur in the two peripheral tissues analyzed in 
their study (liver and muscle), and suggest that daily rhythms in the somatotropic axis 
of tilapia, and possibly rhythms in growth, may be related to rhythms in receptors 
other than hormones. 

These results also indicated an interesting issue: the response of peripheral 
tissues to Gh, which would lead to growth, may differ depending on the time of 
day. In order to test this hypothesis, Costa et al. (2016b) administered exogenous Gh 
intraperitoneally (1.p.) to Nile tilapia at two different times: in the daytime (3 h after 
lights on) and at nighttime (3 h after lights off). The physiological response in the 
target tissues differed depending on the time of Gh administration, with the highest 
response observed when Gh was injected at night. At this time, a significant increase 
took place in the ig/7 expression in the liver, which was not observed when Gh was 
injected in tilapia in the daytime. In addition, night Gh administration also stimulated 
the expression of Gh (ghr1 and ghr2) and Igf-1 receptors (igflra and ig/2r) in the 
liver (Costa et al. 2016b). 

In addition to the somatotropic axis, cortisol rhythms have also been reported in 
Nile tilapia (Costa et al. 2019). Cortisol is a hormone produced by the interrenal cells 
of the head kidney in fish (Ellis et al. 2012). It is released after stress and is, hence, 
considered as one of the main indicators of stress in fish, especially acute stress (Ellis 
et al. 2012). Nevertheless, cortisol also plays important roles in other processes like 
energy homeostasis, behavior, reproduction and osmoregulation (Wendelar Bonga 
1997, Mommsen et al. 1999, Cowan et al. 2017). Nile tilapia presents a daily plasma 
cortisol rhythm with maximum values at the beginning of the light phase (Costa 
et al. 2019). This plasma cortisol profile may be conserved between tilapia species 
as a similar daily rhythm, with a peak also located at around dawn was reported in 
Oreochromis mossambicus (Binuramesh and Michael 2011). The phase of cortisol 
rhythms is tightly related to the onset of the species” daily activity patterns. In diurnal 
animals, cortisol peaks at around dawn, whereas it peaks at around dusk in nocturnal 
animals (Kaalsbek et al. 2012). This is related to one cortisol function: this hormone 
is an arousal signal, used to prepare the organism for the activity phase by increasing 


234 Biology and Aquaculture of Tilapia 


alertness and stress (Cowan et al. 2017). Thus, the cortisol rhythm in tilapia coincides 
with what should be expected from a mostly diurnal animal. 

Regarding the hormones produced by the gut, Espirito Santo et al. (2020) 
reported the existence of daily rhythms in the expression of neuropeptide Y (npy) 
and cholecystokinin (cck) on 13 dpf Nile tilapia larvae. The rhythms of both hormone 
transcripts were located in the first half of the light phase, which coincided with 
mealtime and indicated synchronization to feeding. These authors also reported an 
effect of temperature cycles (thermocycles) during development on the ontogeny of 
the rhythms of these hormones. Both npy and cck only displayed significant rhythms 
in the 13-dpf larvae reared under thermocycles, but not in the larvae raised under 
constant temperature conditions (Espirito Santo et al. 2020). 

Melatonin is a hormone that is also known as the time-keeping molecule of 
vertebrates. Melatonin provides information on day/night and daylength to all 
peripheral tissues and cells, which contributes to the synchronization of biological 
rhythms (Cowan et al. 2017). The main contributor of melatonin to the bloodstream is 
the pineal gland and, thus, plasma melatonin profiles reflect production by this gland 
(Falcón et al. 2010). A conserved feature of plasma melatonin is that it is produced 
at nighttime, regardless of whether the animal is diurnal or nocturnal (Cowan et al. 
2017). Hence, melatonin in Nile tilapia presents a daily rhythm with high levels 
throughout the dark phase, with average concentrations of 40-60 pg/ml, and low 
levels in the daytime, with average values of 10-15 pg/ml (Martinez-Chavez et al. 
2008). Daily rhythms in plasma melatonin have also been reported in another tilapia 
species, O. mossambicus (Nikaido et al. 2009). As expected, the profile of melatonin 
rhythms in O. mossambicus was similar to Nile tilapia and the other vertebrate 
species, with higher melatonin levels at night. However, nocturnal melatonin levels 
were higher in O. mossambicus compared to Nile tilapia, with average levels ranging 
approximately from 100 to 200 pg/ml (Nikaido et al. 2009). Such differences in 
nocturnal melatonin levels seem to be species-dependent (Migaud et al. 2007), but 
probably do not translate into big differences in melatonin action because, for this 
hormone to play its main physiological role, differences between the day and night 
plasma concentrations are the most important. 


5.1. Daily and seasonal rhythms of reproduction 


Reproduction in vertebrates 1s controlled by the endocrine system through the brain- 
pituitary-gonad (BPG) axis (Levavi-Sivan et al. 2010, Zohar et al. 2010). In the 
hypothalamus, environmental signals drive the production of gonadotropin-releasing 
hormones (Gnrh) which, in turn, induce the production of two gonad-stimulating 
hormones, or gonadotropins (Gths), in the pituitary: follicle-stimulating hormone 
(Fsh) and luteinizing hormone (Lh) (Levavi-Sivan et al. 2010). In addition, other 
brain systems are involved in the control of Gth production, such as the dopaminergic 
system, kisspeptins and gonadotropin-inhibitory hormone (Gnih) (Zohar et al. 2010). 
Fsh and Lh are released to the bloodstream and their main target tissues are the 
gonads, where they stimulate the synthesis of sex steroids (Levavi-Sivan et al. 2010) 
(see Chapter 9 of the present book for further details on the BPG axis of tilapia). 

In teleosts, rhythms on the BPG axis occur at all its levels. These rhythms 
are coordinated by the environmental and ecological oscillations that result from 
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different superimposed environmental cycles (diurnal, annual, lunar). Ultimately, 
this synchronizes reproductive partners and sets the species” spawning window to 
coincide with the most favorable conditions by increasing both success and progeny 
survival (Cowan et al. 2017). Among the rhythms on the BPG axis of fish, seasonal 
rhythms have been classically studied the most, mainly for their implication in the 
seasonal reproduction of many species (Migaud et al. 2010, Oliveira and Sánchez- 
Vázquez 2010, Cowan et al. 2017). Besides, daily rhythms have also been reported 
for most of the factors from the BPG axis of fish (Oliveira and Sánchez-Vázquez 
2010, Cowan et al. 2017). 

In Nile tilapia, the existence of daily rhythms on the BPG axis has been reported 
by de Alba et al. (2019). In their study, these authors described daily variations in 
the mRNA expression of factors from the brain (the three gnrh isoforms, kisspeptin2 
and gnih) and from the pituitary (f/shf and /hf) in both males and females reared 
under a 12:12 LD cycle (de Alba et al. 2019). At the gonadal level, Nile tilapia 
showed daily rhythms in the mRNA expression of some factors involved in the 
synthesis pathway of sex steroids. Interestingly, these factors include the genes for 
antimüllerian hormone (amh) and gonadal aromatase (cyp/9ala), which codify for 
the last step enzymes in the synthesis of sex steroids in males (testosterone) and 
females (17 -estradiol), respectively (Tokarz et al. 2015, de Alba et al. 2019). All in 
all, these rhythmic factors generate daily rhythms in plasma sex steroids in breeding 
Nile tilapia, with the highest values located at around the second half of the light 
phase (Figure 6). 

Sex steroids are essential for gametogenesis and reproductive behaviors, and 
also for feedback to the BPG axis (Levavi-Sivan et al. 2010, Tokarz et al. 2015). In 
Nile tilapia, rhythms in sex steroids seem to lead to daily rhythms in some factors 
involved in oocyte quality and fertility, such as a protein from the chorion (Zp3b) 
and a protein involved in the calcium wave (Fyna) (de Alba et al. 2019). In the end, 
all these daily rhythms in the endocrine factors from the BPG axis are translated into 
the existence of daily rhythms in spawning, which have been reported in several 
fish species, including some tilapia species like Nile tilapia (Figure 6), Mozambique 
tilapia and O. aureus (Baroiller and Toguyeni 2004). In the tilapia reared under 
laboratory conditions and in a 12:12 LD cycle, spawning activity has been reported 
to occur in the last hours of the light phase (Figure 6) (Baroiller and Toguyeni 2004). 
This event would then be preceded by the peaks in sex steroids reported by de Alba 
et al. (2019), and reinforces the idea that the daily rhythms in the endocrine factors of 
the BPG axis are coordinated to ultimately time spawning to occur within a narrow 
daily window. 

Finally, tilapia also displays seasonal (annual) reproduction rhythms. Regarding 
the BPG axis, annual variations in Fsh, Lh and sex steroids have been reported in 
Mozambique tilapia (Cornish 1998). These variations seem to generate a seasonal 
rhythm in the gonadosomatic index (GSI) in this species. With Nile tilapia, the 
existence of seasonal rhythms on the BPG axis remains unknown to date. However, 
seasonal rhythms of other breeding-related parameters are better characterized. In the 
wild, Niletilapia normally breeds throughout the year, but can display a peak in greater 
activity during some seasons, thus presenting annual spawning rhythms (Baroiller and 
Toguyeni 2004). The environmental factors that can synchronize this rhythm are still 
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Fig. 6. Daily rhythms in plasma sex steroids of female (A, B) and male (C, D) tilapia, and 
daily rhythms of spawning (E). The following sex steroids were analyzed by ELISA during 
a 24-hour cycle: 17p-estradiol in females (A), testosterone in males (C), and maturation- 
inducing hormone (MIH) (also known as 17a, 20B-dihydroxy-4-pregnen-3-one, or 17a, 20p 
DHP) in both sexes (B, D). The data of the sex steroid concentrations are expressed as the 
mean+S.E.M. The spawning activity data are expressed as the number of progenies detected 
during each hour. The sinusoidal dashed line represents the adjustment to a sinusoidal rhythm. 
Different letters indicate statistically significant differences among the time points in the same 
graph (one-way ANOVA, p < 0.05). The white and black bars above each graph represent the 
light phase and the dark phase, respectively. Fish were maintained under a 12:12 LD cycle. 
Time scale (x-axis) is expressed as Zeitgeber Time (ZT), in which ZTO h corresponds to lights 
on. Data were adapted from Baroiller and Toguyeni (2004), and from de Alba et al. (2019). 


unclear. In an equatorial region like Lake Victoria, spawning activity coincides with 
the rainy season (Njiru et al. 2006). However, rainfall and greater spawning activity 
of Nile tilapia do not always correlate in tropical regions (Duponchelle et al. 1999). 
Other factors, such as seasonal variations in temperature, pH, dissolved oxygen and 
chlorophyll A levels, have been correlated with seasonal spawning rhythms and may 
influence them (Duponchelle et al. 1999, Novaes and Carvalho 2012). In addition, 
daylength (photoperiod) also affects the spawning of Nile tilapia, especially in 
subtropical and temperate regions, and under laboratory conditions (Duponchelle 
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et al. 1999, Baroiller and Toguyeni 2004). Longer photoperiods seem to stimulate 
breeding, whereas short photoperiods reduce or inhibit it (see also Chapter 9 of the 
present book for further details). Such a correlation between the photoperiod and 
breeding has been reported for Nile tilapia even in tropical regions, where seasonal 
variations in daylength are minor (e.g. 11.5-12.7 h) (Duponchelle et al. 1999). 


6. Concluding remarks 


Biological rhythms are ubiquitous at all levels of Nile tilapia physiology and 
behavior. These rhythms are synchronized by environmental factors, of which the 
most important are photoperiod, water temperature and food availability. Hence, 
most biological processes in Nile tilapia are not constantly active, but are restricted 
and occur at specific times. This confers tilapia major adaptive advantages that allow 
it to time physiological processes to occur at the most favorable times of the day or 
year. All this enhances their success, minimizes energy expenditure and reduces the 
risk of mortality (e.g. due to predation). 

The study ofthese rhythms is important from the point of view of basic knowledge 
on Nile tilapia biology, but can also prove to be a valuable tool to improve the 
aquaculture of this species. Indeed this statement can be applied to the aquaculture 
of any fish species. Despite their importance, research on biological rhythms in fish 
is still scarce, especially as regards processes of much importance in this industry, 
such as feeding, growth, reproduction, development and welfare. Hence, biological 
rhythms should be considered by both researchers and fish farmers. 
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1. An introduction to aquaponics 


Freshwater is a scarce resource, making competition for access to it one of the most 
important challenges in developing countries (FAO 2012). In addition, the effects 
of climate change, extreme meteorological phenomena and financial crises may 
hinder the ability to feed a growing human population. In a recent conference of the 
United Nations (Rio+20) to develop the 2030 agenda for sustainable development, 
members aimed to create an institutional framework to support a green economy, 
mostly by improving management and efficiency throughout the food value chain. 
One of those proposed food production systems is aquaponics, which optimizes the 
use of available resources (water, soil, space and capital), by producing plants and 
aquatic animals in a sustainable manner, taking more advantage of the water used 
while reducing environmental contamination and the dependence on agrochemicals 
(Stevenson et al. 2010, Mariscal-Lagarda et al. 2012). In 2015, the European 
Parliament included aquaponics as one of the *10 technologies which could change 
our lives" (Van Woensel and Archer 2015). 


1.1. What is aquaponics? 


In general, aquaponics is defined as a system that combines the production of aquatic 
species in recirculation units with plants in hydroponic units (Rakocy et al. 2006, 
Enduta et al. 2011). According to Goddek et al. (2019), the agricultural production 
of Aztecs (México) known as chinampas may have been one of the first examples 
of a type of aquaponics, developed between 1150 and 1350 BC. There, plants were 
placed in floating rafts in shallow lakes with a muddy substrate, along with fish 
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(Crossley 2004). Probably, there were even earlier attempts to develop aquaponics 
in rice fields in southern China, extending to south-eastern Asia along with the help 
of Chinese colonists from Yunnan. With technological advances in the 20th century, 
Lewis and Naegel developed the first practical and efficient aquaponics system 
using fish and plants in the 1970s. Later, Waten and Busch, and then Rakocy, made 
significant advances in the design and development of those systems, defining the 
term aquaponics as we understand it today (Palm et al. 2018). Recently, Goddek et 
al. (2019) argued that aquaponic systems can also be decoupled, that is, that the water 
in the system is not recirculated continuously among fish and plants but only when 
desirable. Thus, modern day aquaponics can be defined as a production system where 
water is recycled continuously or intermittently between a recirculation unit with fish 
and a hydroponic unit with plants. 


1.2. Advantages and disadvantages of aquaponics 


According to several authors, aquaponic systems offer advantages over traditional 
aquaculture and hydroponics since they optimize the use of water, decrease the need 
for nutrients (for the plants), decrease environmental contamination, increase the 
sources of income (economic return), and allow producers to use land not normally 
suitable for traditional agriculture (Flaherty and Halwart 2000, Rakocy et al. 2006, 
Enduta et al. 2011, Mariscal-Lagarda et al. 2012, Somerville et al. 2014, Henares 
et al. 2019). 

However, some disadvantages include a greater risk for the transmission of 
disease or contaminants between plants and fish, and more complex system handling 
since fish and plants have different nutritional and environmental requirements, so 
that small errors can cause a complete collapse of the system (see Rakocy et al. 
2006, Somerville et al. 2014). Normally, the plants require additional fertilizer since 
the fish cannot always provide all their essential nutrients via feed waste. Lastly, 
another disadvantage is that recirculation aquaculture systems (RAS) are highly 
dependent on electrical energy to run the pumps and assure a constant water flow. 


1.3. Components of an aquaponic system 


Aquaponic systems consist of three main parts, which house the three main 
organisms grown: the aquaculture or fish section, the filtration or bacteria section, 
and the hydroponic or plant section (Figure 1). The whole system is usually kept in 
a greenhouse, which provides protection from the elements but allows free access 
to sunlight. The aquaculture section consists of tanks that house the fish and provide 
aeration, feeders and recirculating water. The waste from the fish (both solid and 
liquid waste) are removed from the tank (in the water that leaves the tank) to a solids 
filter, followed by a biofilter where bacteria are kept at high densities for the process 
of nitrification (Rakocy et al. 2006). The hydroponic system is usually one of three 
types, which will be considered in more detail below (floating rafts, nutrient film 
technique, or substrate beds), with an irrigation system (Rakocy et al. 2006, Enduta 
et al. 2011, Somerville et al. 2014, Henares et al. 2019). 

Normally, the fish are grown in circular tanks, although they can also be square 
shaped, rectangular or other geometric shapes. Independent of the shape of the tanks, 
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die 


Combined 


Fig. 1. Optimal arrangement of aquaponic system components (not to scale), based on Rakocy 

et al. (2006). Depending on the system, the hydroponic system can act as a biofilter as well 

(combined), or the solids removal can also be combined with the biofilter and hydroponic 
components (as, for example in the media-bed technique). 


these receptacles are the main repository for water in the aquaponics system, and 
so their cost should be carefully considered before installation. For example, for 
circular tanks it is important to note that the greater their diameter, the higher the 
construction costs, but the lower the cost of water storage. 


1.4. Basic working principles 


The feed used to grow the fish is composed of several ingredients that provide 
different nutrients (macro and micronutrients). Among the main nutrients are nitrogen 
(N, from protein), phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), 
iron (Fe), manganese (Mg), zinc (Zn) and copper (Cu). The N and P waste are the 
most important nutrients for plant growth. According to Paez-Osuna et al. (2005), 
fish incorporate only about 55% of the N and 75% of the P in feed. Incorporation 
rates for the other nutrients have not been studied in detail and are often more difficult 
to calculate due to their low concentration in feeds. In any case, it is safe to assume 
that the nutrients that are not absorbed by the fish are dissolved in faeces or 
urine which dissolve in the water, representing a net economic loss and increased 
environmental contamination if not reused (Mariscal-Lagarda et al. 2012). 

The main nitrogen source for plants comes from the feed given to the fish, via 
metabolic waste and from unconsumed feed. Most nitrogen is excreted directly into 
the water via the gills as unionized ammonia (NH,), which is ionized to ammonium 
(NH) and oxidized via the action of the bacteria in the biofilter through nitrification, 
producing nitrite (NO, and nitrate (NO,), via the intervention of Nitrosomonas and 
Nitrobacter, respectively. Both NH, and NO, are quite toxic for fish, even at low 
concentrations, although they can be used by plants as nutrients for growth, but NO, 
are preferred. Although the toxicity of NH, and NO, depends on the species and age 
of fish, in general, their concentrations should be less than 0.1 mg/l (Van Wyk 1999, 
Nicovita 2002, Somerville et al. 2014). Nitrate is less toxic and can easily reach 
concentrations above 100-200 mg/l, although levels above 500 mg/l are thought to 
be toxic for tilapia. In aquaponics, the bacteria in the biofilter eliminate the NH, 
and NO, while the plants absorb the NO;, which assures that all the nitrogen waste 
products from the feed are maintained at appropriate levels. Thus, in aquaponics, 
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the biofilter and plants effectively treat the effluent from the fish, cleaning the water 
and generating environmental benefits. According to Boyd (2002) and Collins et al. 
(2005), the salinity of the freshwater used in aquaponics is typically low, around 1 
to 10 g/l of salt and an electrical conductivity of less than 1500 ui S/cm. 


1.5. Types of hydroponic units 


The word hydroponics comes from the Greek word hydro or water and ponos or 
cultivation or work. Hydroponics is used to grow plants without soil, which is very 
efficient (Samperio-Ruíz 2000, Rodriguez-Delfinetal.2004). Based on Love et al. 
(2015), three main systems are used for aquaponics: the method of floating rafts 
(60% of all companies surveyed), followed by substrate beds (19%) and the nutrient 
film technique (NFT) system (15%). All three systems are shown in Figure 2. Briefly, 
in the floating raft system the roots of the plants are submerged in the water either 
directly above or beside the fish, usually on a polystyrene sheet. Sometimes the plant 
stem can be placed in a sponge or inside a plastic cup with gravel within the sheet. 
This system works well for green leaf plants. Typically, the rafts float on long narrow 
tanks about 30 m long, 1.2 m wide and 20-30 cm deep, with a slope of about 1-2% 
towards the exit. The polystyrene sheets which hold the plants are about 2.44 m by 
1.22 m and about 3-5 cm thick. 


Fig. 2. Students showing the roots of lettuce in a floating raft system, under which tilapia are 

housed (A); a tank being prepared to house tilapia and a series of floating rafts on top (B); 

an NFT system with lettuce growing in pipes (C); a media bed system with plants ready to 

harvest (D). All photos taken of units at the Universidad Estatal de Sonora-Benito Juárez, by 
M. Mariscal-Lagarda. 
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With the NFT system, plant roots are placed in pockets in a tube or plastic bag 
with a narrow stream of water. This system is recommended for leafy greens (lettuce, 
spinach, etc.) and can take up less space than the other types since several levels/ 
floors of plants can be produced to increase the overall surface area. 

Plants can also be placed in substrate (solid media) which serves mostly as a 
support and anchor (Rodriguez-Delfin et al. 2004). Almost any type of plant can be 
used in this type of system, but it is mostly for larger plants which require some sort 
of supporting structure. The substrate is normally placed in pots or cement blocks 
filled with plastic or a polyethylene liner. The substrate itself can be organic (coco 
fibre or rice hulls), or inorganic (sand, gravel or perlita). According to Rodríguez- 
Delfin et al. (2004), the best substrates have a high water retention, enough air 
circulation to provide air to the roots, adequate particle size to balance air and water, 
low salinity, are light-weight, easy to mix and clean, cost effective and have little 
effect on water pH. Any substrate bed needs its own irrigation system, valves to drain 
the bed, a sump to collect water from substrate and pumps to recirculate the water. 


2. Aquaponics with tilapia 


In terms of plants, according to Somerville et al. (2014), approximately 150 species 
have been used in aquaponics (vegetables, flowers, aromatic herbs and small trees), 
generally classified in terms of their nutritional requirements: (1) low requirements 
(herbs and green leafy vegetables, such as lettuce, chard, basil, mint, parsley, 
coriander, chives, pakchoi and watercress and some legumes such as peas and beans), 
(2) medium requirements (kale, cauliflower, broccoli and kohlrabi, beet, onion and 
carrot), and (3) high requirements (tomato, cucumber, peppers, squash, eggplant and 
strawberries). 

In terms of scientific publications, the most common pairings of tilapia and 
plants involve lettuce, aromatic herbs (basil, coriander, peppermint), tomato and 
cucumber (McMurtry et al. 1997, Rakocy et al. 2006, Hanson et al. 2008, Yousef 
et al. 2008, Graber and Junge 2009, Halwart and Van Dam, 2010, Abdul-Rahman 
et al. 2011, Liang and Chien 2013, Limbu et al. 2017, Paulus et al. 2019, Thomas 
et al. 2019, Effendi and Pratiwi 2019). In their review of commercial practice in 
aquaponics, Love et al. (2015) found that tilapia were used in 69% of the companies 
and lettuce and basil in 70% of cases, with tomato, cucumber and peppers making 
up around 20%. Nonetheless, the most common combination is tilapia with lettuce 
or tilapia with basil, probably due to the characteristics and ease with which they can 
be grown. 

Since aquaponics uses clean freshwater, a number of species of fish can be 
used. Worldwide, tilapia is the most common, including several species such as 
Oreochromis niloticus, Oreochromis aureus and Oreochromis mossambicus, and 
their hybrids such as red tilapia and white or “Rocky Mountain" tilapia. In this 
chapter, when we refer to tilapia we are referring to Oreochromis niloticus, unless 
specified otherwise. An international survey about commercial production systems 
in aquaponics by Love et al. (2015) found that, of the 257 producers surveyed, 69% 
used tilapia (Oreochromis sp.), while 43% used ornamental fish, 25% used catfish, 
and fewer proportions for other species (the sum of percentages adds up to over 
10096 since many producers grow more than one species). 
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There are several reasons why tilapia is favoured over other species for 
aquaponics. Those can be divided into three main advantages: market demand, good 
growth and tolerance to different levels of water quality. In terms of markets, tilapia 
is a well-known fish on an international level with a high commercial acceptance, 
mostly due to its neutral taste and firm flesh, making it quite versatile for a number of 
dishes and recipes (see Chapter 15 of this book for more details). Tilapia also comes 
in a number of colours, like grey, white and red, which can be more or less preferred 
by different consumers. 

In terms of growth, new lines of tilapia are among the fastest growing fish in 
aquaculture, with a good conversion factor (feed/growth), reaching market size (600 
g in 6-8 months, Somerville et al. 2014). Normally, in commercial aquaponics fish 
densities can range from 15 to 25 kg/m’, although, according to Rakocy et al. (2006), 
some systems can withstand densities of up to 70 kg/m’. Tilapia can be grown in 
small tanks and at high densities, although there may be problems of aggression if 
the tanks are too small or if animal density is too low (too few fish per tank) since 
they can develop territorial behaviour and become quite aggressive. Since tilapia 
are omnivorous, they have lower protein requirements than carnivorous fish, which 
means that less nitrogen waste is produced per kilogram of fish, or to put it another 
way, more fish can be grown per m° for any plant production. 

Along those same lines, tilapia tolerate a wide range of environmental conditions 
(i.e. water quality) (Nicovita 2002). First of all, they are eurythermal, tolerating a 
wide range of temperatures, from about 14°C to 36°C. This is important when they 
are kept in greenhouses since the water will be generally quite warm, favouring the 
optimal range for growth (27-30 ºC). Also, tilapia will adapt to seasonal and daily 
variations in temperature typical of greenhouses. Tilapia are also quite resistant to 
low oxygen levels, which are often below 5 mg/l, which helps to decrease the cost of 
aerating the water but also provides a safety margin in case of an interruption in the 
supply of electrical energy to the pumps and aerators. Tilapia are also resistant to a 
wide range of pH, from 6.5 to 9, which can be good to accommodate the requirements 
of the plants. Finally, tilapia are resistant to high levels of suspended solids, as well 
as nitrogen, phosphorous and potassium compounds (Rakocy et al. 2006, Timmons 
and Ebling 2010). 

Despite recent advances in commercial aquaponics, most companies still rely 
on strong ties with academia to help make their business more profitable. In the next 
section, we will review some of those technical advances over the years, most of 
which have been published in research journals or presented at scientific conferences. 


2.1. Scientific advances to help foster aquaponics with tilapia 


As mentioned above, tilapia is one of the most popular fish for aquaponic systems, 
starting with the work by Rakocy et al. (2004), who grew Nile tilapia with basil 
(Ocimum basilicum ‘Genovese’) in a commercial scale system, using batch and 
staggered harvests to compare it with open capped basil production, evaluating the 
proportion of fish feed to basil growing area. The results indicated that the biomass 
obtained from tilapia was 4.37 tons per year and the average basil production for 
the batch, staggered harvest and open field system was 2.0, 1.8 and 0.6 kg/m?, 


250 Biology and Aquaculture of Tilapia 


respectively. The feed ratio: plant area was 81.4 g/m?/day for the batch system 
and 99.6 g/m?/day for the open field system. For the batch production, there were 
nutritional deficiencies in basil; however, in the staggered crops these deficiencies 
were not observed due to the low demand of nutrients in the initial phase, which saved 
them up for the final stages of growth. From this perspective, the most sustainable 
tilapia-basil system requires staggered basil production. 

In another study, Yousef et al. (2008) developed an aquaponic system with 
tilapia and lettuce (Lactuca sativa) to maximize water use in terms of fish feed and 
plants. The fish density used was 160 tilapia/m? and the plant density was 42 lettuce 
plants/m?. During 186 days of growth, only 1.4% of the total water volume in the 
system needed to be topped up to compensate for losses due to evaporation and 
transpiration. The tilapia (average final weight of 285 g) had a water consumption 
of 320 l/kg fish and a production yield of 33.5 kg/m. For lettuce, the average final 
harvested weight was 251 g. In conclusion, for that study, a ratio of 56 g of fish feed/ 
m?/day provided enough nutrients for the lettuce, while better quality plants were 
obtained at a plant density of 28 lettuce/m?. 

Kotzen and Appelbaum (2010) worked on an aquaponic system using brackish 
water with an electrical conductivity of 4500 uS/cm to evaluate the production of 
tilapia with various vegetables (celery, chard, parsley and chives) in two hydroponic 
unit types, deep water culture (DWC) and media bed. After a 101 day cycle, the 
tilapia reached an average weight of 313 g with a yield of 12.5 kg/m?. All the plants 
showed good growth in both hydroponic systems, although it was necessary to 
supplement with iron chelate to fulfil the needs of the plants (although no mention is 
made of how that may have affected the fish). 

Another aquaponic experiment grew red tilapia (Orechromis sp.) and 
water spinach (/pomoea aquatica) to evaluate growth and production using two 
photoperiods (12-h and 24-h light per day) and three feeding frequencies (2, 4 and 6 
times per day). Results showed that water loss was 3.396 over the four weeks of the 
experiment, while water quality remained constant and at adequate levels for fish and 
plants. The average weight gain was 43.9% and 169% for tilapia and water spinach, 
respectively. The 24-hour light photoperiod improved fish growth by 2.4% and 12% 
for plants, while increasing feeding frequency favoured water quality and fish and 
plant growth by 4.9% and 11%, respectively (Liang and Chien 2013). 

Goada et al. (2015) evaluated the economic characteristics of two aquaponic 
systems with tilapia and various vegetables, including broccoli. They compared the 
NFT with DWC and soil culture. The results showed that both aquaponic systems 
achieved better average net incomes compared to soil culture. Also, NFT and DWC 
were able to cover the operating costs and achieve an economic surplus of 53% and 
47%, respectively. The results confirmed the ability of these two systems to bear the 
burden of increased production costs or a fall in the prices of the fish and vegetables 
produced (risk reduction). Both systems can be considered as successful aquaponic 
models, in which, under the conditions evaluated, the payback period was 2.75 years 
on average. 

According to Diem et al. (2017), aquaponic systems can be used to grow 
vegetable crops without additional fertilization, which helps producers by reducing 
production costs. In their experiment, they grew tilapia (Oreochromis niloticus) 
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with the /pomoea aquatica, Lactuca sativa and Canna glauca, evaluating three 
recirculation rates (5096, 200% and 400%) to measure the effects on water quality 
and growth of tilapia at two densities (122 and 220 fish/m?). The results showed that 
most water quality parameters were within adequate ranges at 400% recirculation, 
while the best growth and survival of tilapia was at 122 fish/m?, with a 400% 
turnover. At that same recirculation rate, the plants could effectively remove harmful 
concentrations of NH,-N and NO,-N. As for the plants, growth was best at a 50% 
recirculation rate, with C. glauca producing the best biomass (3045 g DW/m?/year) 
followed by 7. aquatica (1400 g DW/m?/year). 

An evaluation of the growth, development and quality of the eucalyptus plant 
(Eucalyptus grandis W.) was conducted by irrigating with different proportions of 
effluent from a tilapia RAS system, and commercial nutrient solutions: (1) only fish 
water effluent, (11) only nutrient solution, (iii) 50% effluent + 50% nutrient solution 
and (iv) 75% effluent and 25% nutrient solution, all applied daily. The concentration 
of NPK nutrients in the leaves ofthe eucalyptus and the height, diameter and quality 
index were better with 50% effluent and 50% nutrient solution. The final growth 
of the eucalyptus plant was 21.1 cm in 110 days, which was 21.74% higher than 
the plants irrigated with only nutrient solution. Therefore, it was concluded that the 
irrigation of eucalyptus plants can be carried out with the water from tilapia effluent, 
supplementing it with external nutrients to maintain the quality of the eucalyptus 
plants (Paulus et al. 2019). 


2.2. Growth and survival studies 


Few studies have compared the growth or food conversion ratio in tilapia in aquaponics 
versus simple recirculation systems with no plants. Castillo-Castellanos et al. (2016) 
found that tilapia survival was high (over 97%) and specific growth (SGR) and food 
conversion (FCR) ratios were 4.95 and 0.99, respectively, in an aquaponic system 
with Carolina cucumber (Cucumis sativus) and Parris Island lettuce (Lactuca sativa). 
Knausand Palm (2017) found that tilapia had an SGR and FCR of 2.81 and 0.91, 
respectively, in aquaponic systems used to grow culinary herbs. Pinho et al. (2018) 
found that tilapia had a FCR of around 2.0 in systems used to grow scallion and 
parsley. These figures compare well with other species such as Koi carp (Cyprinus 
carpio var. koi), where Nuwasi et al. (2019) found that the FCR was between 4 and 5 
for after 60 days in an aquaponic system used to grow Gotukola (Centella asiatica), a 
traditional medicinal plant in India. Although there is quite a large variation in types 
of systems used (e.g. size, recirculation rate) and a general lack of data with regard 
to growth and FCR per different grow out stages, the authors find it safe to assume 
that the growth and food conversion rates of tilapia in aquaponics systems may be 
maintained within acceptable limits for commercial production given the appropriate 
conditions, especially with regard to water quality. 


2.3. Welfare considerations 


Very few articles have considered the effect of aquaponics on fish welfare. One of 
the first papers to address this issue was Yavuzcan et al. (2017), who argue that water 
quality parameters are the main issue in terms of fish health and welfare in aquaponic 
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systems. The main concerns are with suspended solids, and the possible effects of 
dissolved minerals on fish metabolism. Apart from those, other management or 
environmental concerns are similar to normal recirculation aquaculture systems with 
tilapia but without plants. Those stressors include things like high stocking density, 
feeding procedures, group size and ammonia levels. In a more recent article, Espinal 
and Matulic (2019) mentioned that regarding welfare of fish in aquaponics, care must 
be paid to three main components, namely, chemical stressors, physical stressors and 
perceived stressors (perceived by the fish), but they do not provide specific examples 
or studies on tilapia in aquaponic systems. 

Regarding the physiological effects of aquaponics cultivation on tilapia, there 
is no data available in the literature. In other species, the only study available is by 
Bafimann et al. (2017) who found that in catfish, glucose and cortisol levels were also 
within normal ranges in coupled aquaponic systems. Palm et al. (2019) have argued 
that fish in aquaponics have a higher welfare since agonistic behaviour decreases, 
presumably as a result of chemicals (allelochemicals) released by the plants (e.g. 
phosphatases from basil) that calm them down or have some effects that have not 
been described in detail. No such studies have been carried out with tilapia, however. 

According to EU Directive 98/58/CE, the welfare of all vertebrate animals, 
including fish, must be considered in any production system, and attempts should 
be made to avoid any possible suffering. Advances in the field of fish welfare now 
allow us to assess their physiological levels of stress in different systems and in 
terms of different handling procedures, as detailed in part in the new Handbook for 
Salmon welfare (Noble et al. 2018). The study of water quality in RAS systems and 
fish welfare is fairly recent, but one of the key parameters in aquaponic systems 
is the water pH, which will affect the concentration of free ammonia (NH;) as 
well as other minerals. However, few studies have been carried out on the effect of 
commercial fertilizers on tilapia in aquaponics systems with similar growth rates 
and added feed (Diver and Rinehart 2006). In our lab, we have compared how the 
addition of fertilizer rich in nitrogen compounds affects fish stress in the production 
of Nile tilapia and on lettuce plants (Lactuca sativa). Four experimental units (four 
independent aquaponic systems) were used, two with fertilizer added and two 
without fertilizer (López-Minguito 2018). The effect caused by the fertilizer on the 
fish was measured by taking blood samples in which we analysed plasma cortisol, 
glucose and triglycerides. We did not find significant differences among treatments 
for fish stress during the trial but among the tilapia that were challenged after the 
trial ended (using the fish net test, Brydges et al. 2009); the tilapia in aquaponic units 
with fertilizer were better able to cope with the stress afterward (their recovery to 
normal levels of glucose and cortisol was faster). In addition, the growth of lettuce 
was significantly greater in the systems supplemented with fertilizer. 


3. An example of an aquaponic system using 
tilapia and lettuce 


Estimating the appropriate size of an aquaponic system is difficult since one needs 
to consider a number of variables such as the size of the fish, the temperature of 
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the air and water, the content of protein in the feed, fish density, type of crop and 
the nutrient demands of the plants. All of this can vary with the time of production 
and we may have to make adjustments daily to make the production successful 
(Somerville et al. 2014). 

An accepted method to size the system is to take into consideration the average 
daily quantity of feed that is added to the system and adjust to make sure it is 
balanced, in the sense proposed by Rakocy et al. (2006). In general, we can quantify 
the plant surface area in terms of the aquatic part. A golden rule is that for each 60 g 
of feed per day we can grow 1 n? of leafy greens (lettuce etc.), while for each 100 g 
of feed daily we can grow 1 m?of fruit plants (tomato, cucumber). Sommerville et 
al. (2014) reported that to maintain 1 m? of leafy greens, we need an average of 45 
g of feed per day and 65 g of feed per day to provide for the nutrient demands of 1 
m? of fruit plants (tomato, cucumber and pepper). To give an idea of the production 
potential of this technology, we can estimate the size of an aquaponic unit using 
some parameters in Rakocy et al. (2006) for a system growing tilapia and lettuce 
(see Table 1). 


Table 1. Technical data to produce tilapia in an aquaponic system with lettuce 
(based on trials carried out by the authors) 


Tank diameter (m) 6.00 
Number of tanks with tilapia 1.00 
Tank volume (m?) 28.27 
Fish density (fish/m?) 60.00 
Initial number of fish 1 696 
Survival (%) 85.00 
Final number of fish 1 422 
Final fish weight (g) 500.40 
Food conversion index 1.71 
Average feed per day (g) 5 833.03 


For this example we can use a circular tank that is 6 m in diameter, with a water 
and tank height of 1.0 and 1.2 m, respectively. Based on Table 1, we add 5,883.03 g 
of feed to the tank, which can produce 5883.03/60 g = 98 m? surface area for lettuce 
growth, taking into account that for each 60 g of feed we can “fertilize” 1 m?. Next, 
we need to calculate the number of floating rafts needed and their size, as well as the 
number of polystyrene sheets (usually 1.22 wide, 2.44 long and 3-4 cm thick). We 
can then calculate how many rafts fit in one tank and the total number of lettuce per 
sheet or tank. Normally, in order to allow for growth, lettuce seedlings are spaced 
25 cm apart. In time, normally we can turnover four cycles of lettuce production per 
cycle of tilapia produced. 


4. Future prospects 


Aquaponics has several advantages over other food production systems, which 
have been touched on in this chapter, all of which suggest that the future is bright. 
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Recent reviews (e.g. Goddek et al. 2019) give an idea of the breadth of possible uses 
for aquaponics, from industrial food production to urban farming and architectural 
greening of urban spaces, to education and applications in developing countries. 
Most probably, most of these future systems will depend on tilapia, for the reasons 
also mentioned previously, with companies possibly even developing specific 
genetic lines of tilapia suitable for aquaponics. On a technical level, future efforts 
will probably focus on improving the efficiency of aquaponics systems to make 
them more autonomous, sustainable and profitable. We can expect great advances 
in “precision aquaponics”, using sensors and complex algorithms to control and 
predict problems related to water quality and fish and plant health. In the developing 
world, upcoming goals may focus on developing autonomous source of energy 
(e.g. solar or wind) to run aquaponic systems in environments not normally suitable 
for aquaculture or agriculture. In all of these cases, tilapia welfare will need to be 
considered and investigated further, otherwise profits will most probably be only 
short term and production will not be as efficient. 
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1. History and basic aspects of BFT 


The biofloc technology (BFT) was proposed as an alternative to the conventional 
extensive and semi-extensive aquaculture production systems. In terms of expansion, 
conventional systems face serious challenges such as competition for land and water 
and environmental regulations related to discharge of effluents which contain excess 
organic matter, nitrogenous compounds and other toxic metabolites that might 
compromise the adjacent culture areas and boost the spread of disease (Browdy et 
al. 2012). Currently, BFT is used in the cultivation of commercial species such as 
penaeid shrimp and tilapia (Figure 1), and more recently, as a management tool during 
early cultivation during nursery phases. In recent times, as the aquaculture industry 
has faced diverse issues, in terms of diseases and reduced production yields, BFT 
was considered (and still is) the new “blue revolution" (Stokstad 2010). Such system 
originated in the 1970s for shrimp at the French Research Institute for Exploitation 
of the Sea (IFREMER), located in Tahiti, and in partnership with private companies 
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from the U. S. (Emerenciano et al. 2013, Anjalee-Devi and Madhusoodana-Kurup 
2015). At this time, BFT was called a “moulinette” system (Emerenciano et al. 2012) 
due to the vortex created as a result of constant water aeration and movement. It was 
later expanded to commercial shrimp farms in both Tahiti and the U.S. 

In the 1980s Steve Serfling, at his tilapia farms in Southern California and the 
Jordan River Valley, Jordan, developed an Organic Detrital Algal Soup System, 
(ODASS), which is called BFT today. At roughly the same time, researchers in Israel 
and China began experimenting with similar systems using heavy aeration and water 
motion to encourage vast production of bacterial and algae biomass to process fish 
or shrimp wastes in situ (Avnimelech 2015). In the 1990s, the Waddell Mariculture 
Center, in the United States of America, and at the Technion-Israel Institute of 
Technology initiated deep scientific studies and commercial pilot-scale trials. In 
the mid-2000s, the Texas A&M University (Corpus Christi campus, USA), and the 
Federal University of Rio Grande (FURG, Brazil), two major research centers in 
North and South America, respectively, began several studies that formed a baseline 
to the development of BFT technology. Thanks to the diverse research projects and 
training of human resources, various professionals have spread BFT knowledge, 
implemented and managed commercial farms regionally and also globally. 

Since the early 2000s, there has been a significant increase in number of scientific 
publications on BFT worldwide. According to Scopus database, this number has 
increased from less than 20 in 2009 to more than 150 publications in 2018 (Scopus 
2019). For Google Scholar, this number increased to more than 4,900 publications 
in March 2021 (Google Scholar 2021). The majority of such studies were carried 
out in Mexico, Brazil, USA, China, and India helping to spread and strengthen the 
technology, as well as boost the industry. The wide range of courses and lectures 
offered in both scientific and commercial events for the academia and farmers were 
also important factors for such progress. 


x d 


Rei. 


Fig. 1. Biofloc technology (BFT) applied to tilapia culture in Mexico (left) and Israel (right). 
Source: Maurício G. C. Emerenciano and courtesy of Y. Avnimelech. 


But how does BFT work? Microorganisms play a key role in BFT systems 
(Martínez-Córdova et al. 2015). Similar to an activated sludge water treatment 
system, fecal and nitrogenous wastes are oxidized to small organic compounds, CO, 
and NO, which are then assimilated by bacteria and algae. The bacteria and algae tend 
to form flocs. These flocs (Figure 2) are maintained in the water column by limited or 
zero water exchange and vigorous water motion/aeration (Emerenciano et al. 2013), 
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making the floc available for consumption by detritivores like shrimp and tilapia. In 
addition, a high carbon to nitrogen ratio (C:N) is maintained since nitrogenous by- 
products can be easily taken up by heterotrophic bacteria (Avnimelech 1999). In the 
beginning of the culture cycles, these high ratio are required to guarantee optimum 
heterotrophic bacteria growth, while the chemoautotrophic bacterial community (1.e. 
nitrifying bacteria) stabilizes after approximately ~25-50 days (Avnimelech 2015). 
In addition, a minimum fish/shrimp biomass per cubic meter is required (7300 g/ 
m?) for a proper system to develop and the establishment of the bacteria population 
(Emerenciano et al. 2012). In the late stages, the nitrifying community might be 
responsible for 2/3rds of the ammonia assimilation (Emerenciano et al. 2017); thus, 
the addition of external carbon should be reduced or even eliminated, and alkalinity 
consumed by the microorganisms must be continuously replaced by different 
carbonates/bicarbonates sources (Furtado et al. 2015). 

The water quality stability will depend on the dynamic interaction among 
communities of bacteria, microalgae, fungi, protozoans, nematodes, rotifers etc. 
that will occur naturally (Martínez-Córdova et al. 2016), and suitable levels of 
various parameters such as dissolved oxygen, pH, alkalinity and suspended solids 
(Emerenciano et al. 2017). Besides the oxygen levels, excess of particulate organic 
matter and toxic nitrogen compounds (pH related) are the major concern in the 
BFT system. In this context, three pathways occur for the removal of ammonia 
nitrogen: at a lesser rate (1) photoautotrophic removal by algae, and at a higher rate 
(ii) heterotrophic bacterial conversion of ammonia nitrogen directly to microbial 
biomass; and (iii) chemoautotrophic bacterial conversion from ammonia to nitrate 
(Martínez-Córdova et al. 2015). 


Fig. 2. Microbial aggregates from a biofloc technology (BFT) commercial production pond: 
diversity and abundance helping to maintain the water quality, nutrition and health of fish. 
Source: Maurício G. C. Emerenciano. 
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In BFT, the nutrients are continuously recycled and reused in the culture 
medium as a result of the in situ microorganism production and the minimum or 
zero water exchange (Avnimelech 2015). The microbial aggregates (bioflocs) are 
a natural protein-lipid rich source of food that become available 24 hours per day 
due to a complex interaction between organic matter, physical substrate and large 
range of microorganisms (Ray et al. 2010). The natural productivity in the form of 
microorganisms production plays three major roles in the tanks, raceways or lined 
ponds: (1) in the maintenance of water quality, by the uptake of nitrogen compounds 
generating in situ microbial protein; (ii) in nutrition, increasing culture feasibility by 
reducing feed conversion ratios and a decrease in feed costs; and (iii) competition 
with pathogens (Emerenciano et al. 2017, Walker et al. 2020). 

It is important to note that application of biofloc technology has focused on 
primarily omnivorous aquatic organisms. Assessments of candidate species for BFT 
should include their adaptability to intensive farming conditions, the phase of their 
production cycle, as well as (1) tolerance to low-medium levels of ammonia nitrogen, 
nitrite, and suspended solids (Samocha et al. 2007, Baloi et al. 2013, Schveitzer et al. 
2013), (11) adequate morphological structure that will enable the cultivated species to 
graze the bioflocs properly (Kim et al. 2015), (111) capacity to digest and assimilate 
the microbial aggregates (Azim et al. 2003, Avnimelech 2006) and (iv) good market 
value. In this sense, tilapia has proven to be a suitable species meeting the basic 
criteria to be raised in BFT conditions. 


2. BFT in tilapia: Management approaches 


In terms of general management procedures when BFT is applied to tilapia 
culture, it is important to address some key points such as (1) reliable source of 
water without pathogens and contaminants; (ii) adequate infrastructure with lined 
ponds, suspended tanks or race-ways normally covered by shade mesh (control of 
excessive phytoplankton blooms) and by greenhouses in cold zones; (iii) provide 
adequate dissolved oxygen levels (725.0 mg/L) supporting the dominance of aerobic 
bacteria over phytoplankton; (iv) constant water motion to maintain all the bioflocs 
in suspension. In addition, (v) maintenance of a proper ratio of carbon to nitrogen 
in the system; (vi) proper feeding management and (vii) continuous water quality 
monitoring are also critical points to guarantee reliable production in BFT. 


2.1. Research and field experiences on tilapia nursery phase 


In the traditional culture systems worldwide, tilapia is produced in earthen ponds, 
and to a lesser degree, in cages. In earthen ponds, a single fish stocking is commonly 
used (0.5-1.0 g until final weight). Thereby, such situation enables an inaccurate 
control of growth, survival, feeding conversion rate and size homogeneity. This is at 
odds with the sustainability of aquaculture which should consider the responsible use 
of the natural resources such as water, land and feed. 

These restrictions drive aquaculture farms to maximize biomass production 
in small areas with the minimum amount of water. The BFT systems meet these 
requirements, but at the same time they demand constant supply of energy to 
maintain the oxygen supply for fish and associated microorganisms as well as to 


262 Biology and Aquaculture of Tilapia 


avoid the precipitation of bioflocs. Considering the previous information, in BFT 
farms the use of a nursey phase can significantly reduce the water volume, and the 
aeration cost (García-Ríos et al. 2019). If the environmental conditions and the water 
quality are controlled, it is possible to reach a high net yield of fingerlings, avoiding 
stress and keeping the productive parameters. Therefore, for the intensive biofloc 
system, the use of small tanks permits the efficient use of aeration. The maintenance 
of dissolved oxygen is critical because the respiration rate varies according to the age 
and the body biomass; Sparks et al. (2003) indicated that the metabolism and oxygen 
consumption for Nile tilapia juveniles can be 2.5 times more than adult fish. 

The cost of commercial feed for tilapia fingerlings is higher than the juvenile 
or adults since it contains high levels of crude protein (40-5096; El-Sayed 2007). 
The advantage of using a nursery phase is the control over feed consumption and 
consequently, a diminution of the feed conversion rate. In commercial farms, this 
strategy could reduce the overall production cost. The diseases and survival control 
is more efficient because it allows to sample more organisms by having them 
more concentrated. Some farmers believe that density could adversely affect size 
distribution and growth; however, commercial experiences in BFT farms in the NW 
of Mexico indicated that the fish's size homogeneity depends more on the genetic 
characteristics than the density of the fingerlings (A. Miranda-Baeza, personal 
communication). Under this consideration, it is recommended to evaluate different 
fingerlings hatcheries and compare their productive performance. 

The nursery of Nile tilapia in biofloc technology brings some advantages such 
as increased control over growth and survival, improved disease control, reduction 
in water volume and aeration costs and more efficient use of commercial feeds. 
The strategies are diverse. Under commercial conditions, the use of two phases of 
nursery allows the efficient use of facilities. Experiences in small farms have shown 
that integrating two phases of nursery and two phases of final growth increases the 
productivity and reduces operating costs. In the nursery 1 phase, fry can be cultured 
from 0.25-0.5 g/ind. up to 15 g/ind. for a period of 45 d, reaching a biomass of 5-8 
kg/m?. The nursery 2 phase continues with organisms from 10-15 g to 200-250 g. 
The cultivation continues with one or two additional phases (Figure 3) depending 
on the final juvenile market size (A. Miranda-Baeza, personal communication; G.B. 
Martins, personal communication). The farms must evaluate the best strategy, since 
the one nursery phase requires less management (less workforce), but two phases 
seem to be more productive and improve land-use effectiveness. 

Nursery facilities depend on the size of the farm as well as the environmental 
conditions as some companies require the use of greenhouses (Figure 4A) to control 
temperature, but in other cases this is not necessary (Figures 4B and 4C). In cold 
regions, biofloc systems paired with a greenhouse is an alternative to temperature 
maintenance, Crab et al. (2009) demonstrated good results for Nile tilapia grow-out 
with biofloc during the winter, keeping the temperature 0.4-4.9?C higher than the 
influent water. The same thermal control was obtained for Nile tilapia nursery during 
2018 in Porto Alegre city, Brazil in the winter period (June to September) (G.B. 
Martins, personal communication). This strategy allows the possibility of performing 
an additional productive cycle in subtropical or temperate regions. 
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45 days 50 days 60 days 65 days 
5.0 - 8.0 kg/n? 10 - 12 kg/n? 20 - 50 kg/m? 20 - 50 kg/m? 


Fig. 3. General scheme of Nile tilapia culture in BFT using multiple phases. 


Fig. 4. Facilities for Nile tilapia nursery in biofloc, Greenhouse used in Porto Alegre city, south 

of Brazil (4A) (Souce: G.B. Martins); and cylindrical tanks (120 m?) used in Sonora, Mexico 

(4B) (Source: A. Miranda-Baeza) and Acuicola Garza, Mérida city, México (4C) (Source: 
G.B. Martins) 


2.2. Research on water quality, water types, C:N ratio and 
carbon sources 


Some ranges obtained from studies performed with tilapia in BFT appear in Table 
1. For the maintenance of biofloc, high quality water is fundamental. The biofloc 
concept determines that microbiological aggregates should remain suspended in the 
water column, and this occurs because of the movement caused by aeration. The 
aeration 1s necessary to maintain the oxygen above adequate level, as well as to 
maintain the biofloc in suspension. This is most commonly achieved by air blowers, 
but paddlewheels and pumping have also been used (for aeration in BFT, see the 
review by Pifieros-Roldan et al. 2020). 

The diverse microorganisms that thrive within biofloc systems also have 
significant oxygen consumption requirements. Consequently, to estimate the total 


Parameter 

pH 

Total alkalinity 
(mg CaCO,/L) 


Total hardness 
(mg CaCO,/L) 


Total suspended solids 
(mg/L) 


Floc volume (mL/L) 


Chlorophyll a (ug/L) 
Salinity (%o) 


Total ammonia nitrogen 
(TAN; mg/L) 


Table 1. Water quality parameters registered in Tilapia cultivated in BFT systems 


Considerations 
Juveniles (3.0-40.0 g) 


Juvenile 79-163 g, in biofloc reused water 


Juveniles red tilapia (16-64 g), 35%o 
Fingerlings 

Juveniles and adults 

Juveniles red tilapia (5.0-24.0 g), 3596o 


Juveniles (0.6-20.0 g) 
Juveniles (66-98 g) 


Juvenile-adult GIFT (15.62-230 g) 
Juveniles red tilapia (5-24 g) 
Juvenile-adult, GIFT (15.62-230 g) 


Juveniles red tilapia (5.0-24.0 g) 


Fingerlings-juvenile, GIFT (3.0-20.0 g) 


Range 
6.5-7.5 


> 100 


until 500 


215 


< 500 


354-537 
5.0-20.0 
20.0-50.0 


226-780 


4.0-8.0 
3.0 


0.0, 10.0 and 20.0 
35.0 


Interval 0-5 
(peaks of 20-50) 


Interval 0-1.5 
(peaks of 3-5) 


Interval 0.11-2.33 


Reference 
Martins et al. (2019) 


Emerenciano et al. (2017) 
Martins (2016) 
Gallardo-Colli et al. (2019) 
Emerenciano et al. (2017) 


Lopez-Elías et al. (2015) 


Emerenciano et al. (2017) 


Miranda-Baeza et al. (2017) 


Alvarenga et al. (2018) 
Lenz et al. (2017) 


Luo et al. (2017) 
Miranda-Baeza et al. (2017) 
Luo et al. (2017) 


Miranda-Baeza et al. (2017) 


Brol et al. (2017) 


yoc 


nidvp fo 24njjnopnby pup 4Sojoig 


Nitrite (NO,-N; mg/L) 


Nitrate (NO,-N; mg/L) 


Bacteria ratio (pathogenic to 
degrading bacteria ratio) 


Juvenile (79-163 g), in biofloc reused water 
Juvenile-adult, GIFT (15.62-230 g) 


Juveniles red tilapia (5.0 — 24.0 g) 
Fingerlings-juveniles, GIFT (3.0 — 20.0 g) 
Juvenile 79-163 g, in biofloc reused water 
Juveniles-adults, GIFT (15.62-230 g) 


Juveniles red tilapia (5 -24 g) 


Fingerlings-juveniles, GIFT (3.0 — 20.0 g) 
Juvenile 79-163 g, in biofloc reused water 


Nursery 3-13 g (Nile tilapia), freshwater 


Nursery, 4 g (Nile tilapia), freshwater 


0.82 


Interval 0.0 -5.0 (peaks of 


12.5-27.5) 
Interval 0.0-1.5 
Interval 0.01-0.4 0 
1.0 


Interval 0.0-10.0 
(peaks of 40.0-75.0) 


Interval 5.0-20.0 
(peaks of 60.0-70.0) 


Interval 0.09-1.76 
24.42 
<20% 


<25% 
(ideal <20%) 


Gallardo-Colli et al. (2019) 
Luo et al. (2017) 


Miranda-Baeza et al. (2017) 
Brol et al. (2016) 
Gallardo-Colli et al. (2019) 
Luo et al. (2017) 


Miranda-Baeza et al. (2017) 


Brol et al. (2016) 
Gallardo-Colli et al. (2019) 
Tubin (2017) 


Monroy-Dosta et al. (2013) 


24njn7) vidvpi ui (LAG) 4Sojouyoa 2ojyoig 


S97 
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oxygen demand both communities must be considered, bioflocs microbiota and 
tilapia biomass. In the BFT systems, to avoid the excessive consumption of oxygen, 
it is necessary to control the total solid suspension. There are two strategies by 
which these solids can be removed from the system: (i) water exchange (10-30%, 
commercial farms in Mexico; A. Miranda-Baeza, personal communication); (ii) 
using a clarification tank. It's important to mention when using such device that 
it is not unusual that biofloc remains in the water column and do not settle. This is 
related to the water chemical or microbiological characteristics. In some cases, the 
low alkalinity, total hardness or inappropriate pH are responsible for the low settling 
capability. However, it can also be associated with the microbiological composition 
of the biofloc, mainly due to the low concentration of bacterial exopolysaccharides 
or excessive presence of filamentous bacteria. 

The water sources used for tilapa in BFT are similar to other systems: 
groundwater, rainwater or superficial water (lakes, rivers). The majority of tilapia 
production is cultivated in freshwater, but this organism could be cultured in brackish 
or seawater, obtained from estuaries or the sea (López-Elías et al. 2015, Luo et al. 
2017). Depending on the water source, the chemical and biological composition 
vary. Generally, groundwater has limited contact with the soil and atmosphere, which 
results in the low concentration (or absence) of beneficial bacteria to be added to 
the system (specially nitrifying bacteria). In general, freshwater can have substantial 
variability in the concentrations of the ions Ca?, HCO,, CO, and Fe* as well as 
nutrients (mainly nitrogenous compounds), while the ion concentrations in seawater 
are more stable. Depending on the source, in some cases to increase the bacterial 
populations or to improve the diversity into the system, it is necessary to add 
microbial consortia (probiotics; bacteria and yeast), mainly during the first weeks. 
Previous evaluations must be developed to choose external consortia (commercial 
or native). 

The amount of carbon (C:N ratio) and the source have an important influence 
on the abundance of heterotrophic bacteria as well as on the nutritional quality 
of biofloc (Crab et al. 2010a). The C:N ratio allows for the control of the type of 
biofloc in the cultivation system. Three major types of biofloc have been defined: 
photoautotrophic (dominated by microalgae), chemoautotrophic (dominated by both 
chemoautotrophic and heterotrophic bacteria with low microalgae prevalence) and 
heterotrophic (dominance of heterotrophic bacteria with low microalgae prevalence). 
In the first case, it seems that algae could be productive in their autotrophic or their 
heterotrophic aspect (for those with the capacity) but as the systems are almost always 
in a heavily aerated stage, the heterotrophic capability rarely comes to contribute. 
One way to promote the type of biofloc is the external addition of organic carbon, 
or inorganic nitrogen to a lesser degree. If an autotrophic biofloc is desired, a low 
C:N ratio (e.g. 6-8:1) is applied. If the aim is to produce a chemoautotrophic type 
biofloc (C:N ratio 9-12:1), it is necessary to add a moderate amount of external C, 
mainly in the first weeks of each phase. Control over light intensity is also required. 
Finally, if a heterotrophic medium is desired, the addition of significant external C 
source is necessary (C:N ratio; 12-20:1) and control over light intensity is suggested 
(Emerenciano et al. 2017). 
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To determine the C:N ratio, it is necessary to consider the protein content in 
the pelletized food. In his manual, Avnimelech (2015) indicates that in practice, the 
pelleted food contains approximately 5096 of organic C. The dietary protein content 
allows for the determination of the amount of N. Some simple calculations with 
the respective mass of inorganic N or organic C determine which must be added 
to obtain a desired C:N ratio. In addition, the fish absorption of feed and feed dry 
matter also have to be taken into account (Emerenciano et al. 2017). There are 
several publications that explain in a simple way the calculation of this relationship 
(Avnimelech 1999, Emerenciano et al. 2017). 

It is important to consider the presence of photoautotrophic organisms in BFT 
cultivation. Microalgae are an important source of protein, lipids, antioxidants and 
vitamins. These are of great importance to complement animal nutrition, since they 
are included in their diet in the natural environment (El Sayed 2007). In commercial 
farms, moderated C:N ratio is used. These may be between 9:1 to 15:1 and are 
suitable for promoting a “multitrophic” biofloc (which in terms of ecology means 
a mixture of different microorganisms' trophic levels in the medium; Ward 2019). 
Multitrophic conditions have been found to maintain system stability, especially 
with regards to nitrogenous compounds. In general, chemoautotrophic (nitrifying) 
bacteria prevail in low C:N conditions; however, at high C:N levels, the growth of 
heterotrophic bacteria is promoted as they compete with autotrophic bacteria for 
limited resources (Ren et al. 2019). The high C:N ratio leads to a great demand for 
external carbon sources and oxygen, which directly affect the production costs. The 
use of commercial feed with low crude protein, e.g. varying from 25 to 30%, yields 
C:N ratios higher than 10 (—13:1 to 11:1, respectively), and with these levels, it is not 
necessary to add an external C source. 

The control of the C:N ratio is not sufficient to maintain the system in the 
expected condition (heterotrophic, chemoautotrophic or heterotrophic) as the biofloc 
cultures are highly dynamic. During the culture period, the water color could vary 
from green, soft green, soft brown and brown (Figure 5). The tonality is related 
with the biofloc composition and prevalence of different microorganisms’ type 
(phytoplankton, bacteria and other heterotrophic microorganisms such as protozoa 
and fungi; Martínez-Córdova et al. 2015). 

Environmental factors such as water temperature, precipitation, and light 
incidence (cloudy days and photoperiod duration) can significantly affect the 
abundance of microalgae; therefore, it is necessary to take the appropriate actions 
to regulate the presence of microalgae or bacteria in the biofloc. The periodical 
determination of the microorganism's diversity is highly recommended to detect 
undesirable microorganisms. In aquaculture, special attention is driven towards 
cyanobacteria (Miranda-Baeza et al. 2017, Pacheco-Veja et al. 2018). Throughout 
evolution, cyanobacteria have developed various ecophysiological adaptive strategies 
in response to adverse environmental conditions (López-Rodas et al. 2006). As 
a result, it can be found in places with extreme temperature, humidity, high solar 
radiation, diverse pH and high nutrient concentrations. 

Cyanobacteria are opportunistic microorganisms and the conditions in biofloc 
systems can promote an explosive growth in their populations; Miranda-Baeza et 
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Fig. 5. The biofloc coloration index, related to the algal and bacterial prevalence according 
to the input of food. The transition between algal and bacterial systems occurs at a feed 
loading of 300 to 500 kg/ha per day, indicated by an MCCI between 1 and 1.2 (Source: 

Hargreaves 2013, and courtesy of D.E. Brune and K. Kirk). 


al. (2017) demonstrated that a small inoculum (in heterotrophic conditions) could 
promote the prevalence of Oscillatoria sp. and cause adverse effects on the productive 
parameters of tilapia juveniles, which could be associated with production of toxins. 
The cyanotoxins are a diverse group of toxins with complex chemical structure 
and varied toxicological effects. In Oscillatoria, cyclic peptides and toxic alkaloids 
have been identified (Sivonen and Jones 1999) as other members of cyanobacteria 
group. Previous reports of tilapia cultured in biofloc have reported the presence 
of cyanobacteria but did not mention adverse effects (Monroy-Dosta et al. 2013, 
Emerenciano et al. 2017). 

Several studies indicate that once a mature biofloc community is established and 
well managed, the nitrogen toxic compounds (TAN and NO,-N) can be effectively 
controlled by either heterotrophic assimilation or chemoautotrophic nitrification. In 
the mature stage of BFT systems, concentrations of these compounds are maintained 
at acceptable ranges for the cultured organisms. 

In terms of carbon sources, molasses is the most commonly used external carbon 
source for biofloc production, although some vegetable flours with high carbon 
content, such as cornmeal (García-Ríos et al. 2019), wheat flour (Mirzakhani et 
al. 2019), rice flour (Kumar et al. 2017), tapioca (Vermaet al. 2016), and cassava 
starch (Silva et al.2017), have also been employed. In addition, other compounds 
(polymers and polyesters) have been tested such as poly-B-hydroxybutyric and 
polycaprolactone (Luo et al. 2017), or industrial wastes, such as brewery by-products 
(Zhang et al. 2007). 

When deciding on the carbon source for use in commercial farms, implementation 
of some comparative tests will help to determine the one that demonstrates the 
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best performance as well as being both accessible and low cost. It is important to 
remark that molasses (sugar) 1s a monosaccharide, while the grain vegetable flours 
are polysaccharides meaning the molecular differences could affect the availability 
of organic C. In one experiment, García-Ríos et al. (2019) compared sugar, corn 
meal and wheat meal; they reported that sugar had a better productive performance 
in tilapia fingerlings production. Additionally, it was concluded that the organic 
carbon source modified the bioflocs composition and even the body composition of 
the cultivated organisms. Nevertheless, more studies must be developed to evaluate 
physiological parameters in tilapia, since Kumar et al. (2017) indicated that rice flour 
significantly improved the immune response in shrimp. In another study, Verma et al. 
(2016) compared different carbon sources in Labeo rohita culture, where they found 
that fishes reared in tapioca based biofloc showed significantly higher serum protein, 
serum albumin, total immunoglobulin, respiratory burst activity, myeloperoxidase 
activity and lower serum glucose and serum cortisol when compared to wheat, corn, 
and sugar bagasse based biofloc systems. 


2.3. Research on grow-out and different stocking densities 


Information on the productive parameters of tilapia culture at the growth out phase is 
scarce. For this manuscript, we included some reports (or personal experiences) with 
final weight greater than 200 g (Table 2). 


2.4. BFT as a tool to control diseases and broodstock 
application 


Biofloc has recently been projected as a possible novel strategy for disease and 
parasite management (Figure 6) with the natural probiotic effect in contrast to 
conventional approaches such as antibiotic, antifungal, and external probiotic and 
prebiotic application (Emerenciano et al. 2013). The natural and external microbiota 


16 4 


15^ 
4] —-FLOC 


Number of ectoparasites 


EM x 


Day 1 Day 15 Day 30 Day 60 


Fig. 6. Number of total ectoparasites in gills and ectoderm's mucous of fry tilapia reared under 
BFT limited water-exchange condition (FLOC) and conventional water-exchange system 
(CW) after 60 days (Emerenciano et al. 2009). 


Table 2. Main productive parameter of tilapia cultured in BFT 


Initial Final Net yield Final Time Survival FCR Reference (conditions) 
weight (g) weight (g) (kg/m?) density (ind/ (days) (Yo) 
m?) 

38.4 251.5-280.8 16.2-18.0 70.4* 180 84.0-94.7 1.0-1.1  Pérez-Fuentes et al. (2016); experimental 

15.6 230.3 35.8 155.4* 150 99.0 1.39 Luo et al. (2017); experimental 

99.6 263.3 16.3 61.9* 56 99.8 1.19 Liu etal. (2018); experimental 

72.6 247.6 12.1 48.9* 145 98.6 1.75 | Lima et al. (2018); experimental 

94.2 280.4 8.4 30.0 90 100 1.4 Souza et al. (2019); experimental 

100 200.5 212 69.7 56 99.6 - Pasco et al. (2018); experimental 

1.0 450.0 23 51.1 150 90.0 1.08 G.B. Martins (personal communication, 2018); 
Brazilian commercial farm, two phases 

0.60 488.2 14.0 26.7 211 84.0 1.29 A. Miranda-Baeza (personal communication, 2018); 
AQUAPRIM commercial farm; three phases 

0.25 525.0 13.9 26.5 204 86.0 1.30 A. Miranda-Baeza (personal communication, 2019); 


AQUAPRIM commercial farm; three phases 


* Estimates based on the author's data. 
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are in permanent contact with the animals. In this sense, Verschuere et al. (2000) 
suggested a new term of probiotic for aquaculture, which includes their effect over the 
microbial community of the water, and over the quality of the farming environment. 

Beneficial bacterial communities can naturally develop in cultivation systems. 
The density of heterotrophic bacteria is a function of the culture age, as well as 
accumulated biomass in the system (Arias-Moscoso et al. 2018). The presence 
of beneficial bacteria that thrive on biofloc can act as a biocontrol by competitive 
exclusion over the pathogenic microbes, as has been documented with pathogenic 
species Vibrio (Crab et al. 2010b). Additionally, the bacteria and microalgae that live 
in biofloc produce particular extracellular polymeric substances (exopolysaccharides) 
with chemical characteristics related to the formation and properties of microbial 
aggregates (floc) (Arias-Moscoso et al. 2016). Some exopolysaccharides have 
antioxidant or antibacterial properties that promote the health of organisms. 
Furthermore, recently Durigon et al. (2019) observed that biofloc system seems to be 
a preventive tool against ectoparasite spread. 

The stress associated to the culture conditions can cause immunosuppression 
and eventually diseases. Liu et al. (2018) demonstrated that BFT can promote an 
anti-crowding effect reducing stress on Nile tilapia juveniles when cultured in biofloc 
and also enhance the activity of digestive enzymes (lipase, trypsin, and amylase). 
To avoid stress, the maintenance of water movement is crucial. The recommended 
velocity for water movement generated by aeration system (especially paddlewheels 
and nozzles) is up to 15-20 cm/s for fingerlings and early juvenile stages and up to 
30-35 cm/s for fish which are larger than 50 g. Excess energy consumption due to 
swimming can cause immune system depression with less disease resistance and 
eventually mortalities. 

In terms of biofloc application to tilapia broodstock, diverse benefits have 
been demonstrated (Ekasari et al. 2013, Alvarenga et al. 2017) with similar benefits 
occurring for penaeid shrimp (Emerenciano et al. 2015) and African catfish (Ekasari 
et al. 2016). Ekasari et al. (2013) suggested that the application of BFT effectively 
enhanced tilapia reproductive performance providing broodstock with higher body 
weight, gonad size and fecundity. In addition, the authors observed higher blood 
glucose levels in broodstock raised in BFT as compared to control groups (improving 
the capacity of nutrient transfer into eggs). As a result, higher number of fry produced 
was observed suggesting the BFT as a way to increase tilapia fingerlings production. 
Alvarenga et al. (2017) suggested that BFT can alter the energy mobilization in the 
post-spawning period. The authors did not detect a reduction in the reproductive 
cycle length in Nile tilapia reared in BFT and highlighted no evidence of the negative 
effects of BFT on Nile tilapia reproduction, concluding that BFT might be used for 
breeder stocking of this species. 


2.5. Practical tips 


* The multiple nursery phase for juvenile Nile tilapia production is effective 
and beneficial because of the better control of survival, feeding, and disease 
monitoring and control, resulting in less manpower and increasing the total annual 
productivity in grow-out. 
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Fertilization strategies — establishment of a parameter for the addition of organic 
carbon according to the ammonia concentration in the system (add organic carbon, 
for example, when TAN > 1.0 mg/L). 

The C:N ratio of 10-15:1 is often applied basically in the first weeks of culture or 
until stabilization of nitrification process. 

Organic carbon source — molasses and grain flours (e.g. rice, corn, tapioca and 
wheat bran) are also often used due to costs and availability. Alternative sources 
such as white/brown sugar, glycerol or by-products such as brewery by-products 
can also be used. 

The use of groundwater or rainwater requires precaution due to the possible 
inconsistencies around biofloc formation. So, it may be necessary to use biofloc 
inoculum, probiotics and/or yeasts. 

Excessive color — green or brown — should be avoided. For this, the luminosity 
and total solid suspension control is necessary. 

The total solid suspension should be controlled to avoid high oxygen consumption, 
stress on fish, increases in organic matter, and thus, pathogenic organisms. In this 
sense, avoid the excess of feed and when necessary use the sedimentation tank or 
apply the water exchange. 

Water bacteria monitoring 1s an important tool. The count and proportion of total 
or degrading bacteria to potential pathogenic bacteria is crucial. Reference values 
might be created for each farm. 


3. BFT in tilapia: Nutrition and feeding 


Biofloc is a well-known source of nutrients such as protein, lipids, minerals and 
vitamins (Ju et al. 2008, Emerenciano et al. 2013), which are available 24 hours 
per day contributing to: (1) the decrease of feed use due to biofloc consumption; (ii) 
decrease of dietary protein content; and (iii) increase of replacement percentage of 
premium feedstuff (e.g. fish meal and fish oil) by alternative/low-cost ones. 

In terms of feeding management, some tools such as feed deprivation (Correa et 
al. 2019) have also been demonstrated to reduce labor and feeding costs. The authors 
observed that feed deprivation of up to three days does not influence fish weight, but 
considerably improves feed conversion. Clearly, a compensatory effect of the biofloc 
is perceived for tilapia, improving the feed efficiency, reducing the amount of feed 
required. According to the authors, with three days of deprivation there was a saving 
of over 40% in feed cost. These results are important because they were obtained 
with juvenile tilapia (4 to 45 g). At this stage, it is important that the fish have good 
growth rates, as it influences the final phase of rearing and fish uniformity and yield. 
In addition, a biofloc study conducted by Cavalcante et al. (2017) showed that 15% 
of deprivation didn't impact fish performance and promoted a reduction of ammonia 
and nitrite. In this sense, such strategy seems to be a promising tool in BFT tilapia 
culture. 

A concern regarding the nutrition of tilapia in BFT is the flesh quality. It has 
already been shown that dietary protein in BFT can impact the concentration of off- 
flavor substances, altering the amount of geosmin in water (Green et al. 2019) and 
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thus, the flesh flavor. Recent research has also demonstrated the effect of bioflocs on 
gut microbiota (Li et al. 2018), and on health and enzymatic activity (Durigon et al. 
2019). Many studies on nutritional factors are still needed aiming to elucidate the 
immunological, physiological and biochemical responses of tilapia. 

Future research and commercial application will involve the development 
of specific BFT feeds. In this sense, the necessity of integrating nutritional and 
production systems knowledge is clear; without it, feed efficiency in BFT nutrition 
might not be achieved. The development of BFT specific formulations is a reality in 
penaeid shrimp with some aquafeed companies already commercializing this kind 
of product. On the other hand, some limitations might occur due to variation in BFT 
management and biofloc composition. 


3.1. Research on protein, lipid, and energy requirements 
and sources 


The nutritional requirements for tilapia are well-known and largely investigated 
in terms of protein and lipid demands, which are essential along with other amino 
acids, and essential fatty acids requirements. The protein to energy ratio has been 
defined (Furuya et al. 2005, Gonçalves et al. 2009), and several complementary and 
alternative ingredients tested ranging from animal to vegetable-origin ingredients 
submitted to different pre-processing methods (NRC 2011, Ng and Romano 2013) 
(see also Chapter 4 of the present book for further details). Generally, tilapia grow- 
out feeds are recommended to contain 20-30% crude protein and 6-12% total lipid 
with a protein to energy ratio of 19.7 mg CP kJ/g (Mozambique tilapia), 15.3-16.4 
mg CP kJ/g (Nile tilapia) and 27.3 mg kJ/g (hybrid tilapia) (El-Dahhar and Lovell 
1995, Chou and Shiau 1996, Gao et al. 2011, Sweilum et al. 2005, Abdel-Tawwab 
et al. 2010). Slight differences in formulations might be applied based on the tilapia 
species, genetic strains, production systems, and feed management. 

In BFT, the floc particles are a combination of organic matter, physical substrate 
and microorganisms (e.g. phytoplankton, bacteria, rotifers, flagellates, ciliates 
protozoa, nematodes, and copepods), providing an additional feed source for a series 
of aquatic species, especially medium to low trophic level species. Although the 
biofloc composition might be somewhat variable, its nutritional profile is satisfactory 
and often strategic. Biofloc is a natural feed source (1.e. non-processed); therefore, the 
chemical forms of its nutrients might also be beneficial with respect to its digestibility 
as wellas availability. Generally, bioflocs contain essential nutrients (e.g. amino acids, 
fatty acids), vitamins and minerals, polymers (PHB and PHA), exopolysaccharides, 
organic acids, and immunostimulants, among others (Emerenciano et al. 2013; Table 
3). Consequently, floc brings a complex mix of key natural nutrients, some in readily 
available chemical forms that contribute not only to growth but also to the immune 
system and overall health of the organisms. As tilapia consume biofloc at certain 
ratios (Avnimelech and Kochba 2009), some questions arise around the optimal feed 
management and formulation for tilapia culture in BFT. Are the traditional nutrition 
concepts applicable to BFT? Are standard formulations optimal for BFT? What 
would be the optimal feeding practices and management in BFT? 
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Table 3. Composition of fish meal and biofloc biomass 


Fish meal! Biofloc biomass? 
Crude protein (96) 65-72 12-49 
Total lipid (96) 5-8 0.3-12 
Fibre (%) «2 0.8-16 
Starch/carbohydrate (96) <l 18-36 
Ash 3-12 13-52 
Methionine 1.75 0-1.4 
n-3 fatty acids ~2 0.4-4 


'Modified from Gatlin et al. (2007). 
?Modified from Emerenciano et al. (2013). 


Continuous feed availability in BFT is an advantage because the fish can feed at 
its own convenience and necessity. It is known that fish are able to self-select feeds 
based on their preferences and physiological demands (Norambuena et al. 2012). 
Avnimelech (2015) suggested that 20-30% of tilapia nutrition requirements could 
be met by the continuous consumption of biofloc. An ideal feed:biofloc intake ratio 
should be reached to achieve efficiency. In other words, industrially compounded 
formulated feeds are not the only source of nutrition in BFT and they should be 
adjusted. In this sense, the major challenge for the feed industry and research will be 
to formulate balanced and efficient diets for BFT system, preferably at a lower cost, 
considering the wide variation of microorganisms. 

Recent research on tilapia nutrition in BFT is presented in Table 4. As would 
be expected, most research has been focusing on protein nutrition with most studies 
investigating the optimal level of dietary protein in BFT (Azim and Little 2008, 
Amany et al. 2019, Mansour and Esteban 2017, da Silva et al. 2018, Green et al. 
2019). Overall, tilapia fed feeds containing equivalent dietary protein display higher 
growth and improved production performance in BFT compared to those raised in 
clear water. In BFT, dietary protein was successfully reduced by 4-11%, from 30% to 
26% CP and 33% to 22% CP without impairing growth and production performance 
(Mansour and Esteban 2017, da Silva et al. 2018, Durigon et al. 2020). In terms of 
digestible protein (DP), Green et al. (2019) tested in 32 g hybrid tilapia juveniles 
(Oreochromis aureusxO. niloticus) diets formulated to contain 22.5%, 27.7%, and 
32.3% DP and 6% lipid. Results suggested that by using the “ideal protein concept” 
and limiting amino acids’ (Lys, Met, Thr, Ile) supplementation, digestible protein 
can be reduced from 32.3% to 27.7% without adversely affecting hybrid tilapia 
performance. Similarly, in a recent study Durigon et al. (2020) recommended 
26% DP and 3150 kcal/kg of DE for 1g Nile tilapia under BFT in brackish water. 
Additionally, welfare indicators such as ectoparasite incidence, fin condition, plasma 
biochemistry and gill histology have also been evaluated and demonstrated no 
differences between BFT and clear water (Durigon et al. 2019, Green et al. 2019). In 
some instances, BFT was reported to enhance overall health of tilapia illustrated by 
immune and antioxidant status when compared to clear water, even when the dietary 
protein content was reduced by 10% (Mansour and Esteban 2017). 
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Fish meal replacement in tilapia feeds in BFT has also been investigated, being 
partially replaced with vegetable mix (30%) and brewer's yeast (60%) (López-Elías 
et al. 2015, Nhi et al. 2018). Interestingly, a recent study replaced 25% of soybean 
meal with floc meal without growth and production performance impairments 
(Mabroke et al. 2019). This is an upcoming tendency in aquaculture nutrition but has 
already been largely investigated in the poultry nutrition space so far. 

Only one study evaluating different lipid sources (fish oil, soybean oil, lard oil) 
in tilapia feeds in BFT has been published to the author's knowledge. As expected, 
no differences in growth or production performance were noticed given the essential 
fatty acids were present at recommended levels in all dietary treatments and the fish 
oil-based feed yielded fillets with higher levels of omega-3 fatty acids compared 
to the other treatments (Inkam et al. 2018). Due to the higher stocking densities, in 
comparison to conventional earthen ponds, research on mineral and vitamins dietary 
content should also be investigated in BFT. 


3.2. Research on alternative feedstuff 


Tilapia as omnivores naturally include large amounts of plant material, algae, and 
decaying organic matter in their diets. In other production systems, such as RAS 
and flow-through, studies on alternative feedstuff have been increasing since 2012. 
Hussein et al. (2013) described the use of several algae meals to replace plant proteins 
in tilapia diets. Badwy et al. (2008) described the use of Chlorella and Scenedesmus 
meals as ingredients in tilapia diets. As microalgae production increases for use in 
biofuels, cosmetics, and pharmaceuticals, the co-products from this algae production 
are likely to be used as ingredients in aquatic feeds, tilapia feed formulations in 
particular. Yeast and other single cell proteins have also been used in tilapia diets 
(Ogunji 2004, Bob-Manuel et al. 2011, Al-Hafedh and Alam 2013) with generally 
positive results. While not as efficient as fish meal, the single cell proteins often 
provide all the essential amino acids and vitamins necessary for the tilapia and can 
be used to substitute for large fractions of the fish meal in the diet. Gamboa-Delgado 
and Márquez-Reyes (2018) and Simon et al. (2019) reviewed the potential and 
results for some of the newest bacteriabiomass to be used for feeding tilapia. Large 
volumes of these new single cell proteins are coming into the markets backed by 
huge investment in bioreactor technology from multi-national companies. In terms 
of insect meals, black soldier fly larvae (Bondari and Sheppard 1987, Webster et al. 
2016, Muin et al. 2017, Devic et al. 2018), beetles, mealworm, cockroach and cricket 
(Jabir et al. 2012, Fontes et al. 2019) have been tested in conventional systems for 
tilapia with generally positive results in performance and fish flesh quality. 
Specifically in BFT, nutritional demands for tilapia seem to be modified based 
on the biofloc diversity, composition and intake ratio enabling greater flexibility in 
formulations and inclusion of nonconventional ingredients. Azim and Little (2008) 
and López-Elías et al. (2015) also reported the composition and proximate analyses 
of bioflocs in tilapia farming systems. These studies documented the nutritional 
benefits to be derived from the consumption of the biofloc material by tilapia. The 
insect meals such as mealworm and cockroach have also been evaluated in BFT at 
different inclusion levels (0, 5, 10, 15 or 2096) and positive results were obtained up 


Nutrition 
topic 


Protein 


Species Initial 
weight (g) 

Nile tilapia 80-120 
Nile tilapia 48 
Nile tilapia 10/50 
Nile tilapia 13-20 
Hybrid tilapia 32 
Nile tilapia 1 
Nile tilapia 1 


Table 4. Summary of tilapia nutrition studies in BFT 


Experimental design 


24 and 35% CP 


20 and 30% CP and 
carbon source (rice bran 
and wheat milling by- 
product) 


17, 21, 25, 29 and 33% CP 


25, 30, 35% protein and 
restriction (80%) 30 and 
35% CP 


22.5, 27.7, and 32.3% DP 


Digestible protein (22, 
26, 30%) and digestible 
energy (3000, 3150, and 
3300 kcal DE/kg) 


Digestible protein (22, 
26, 30%) and digestible 
energy (3000, 3150, and 
3300 kcal DE/kg) 


Main parameters 


Performance, floc 
composition and water 


quality 
Growth, immune and 
antioxidant status 


Performance and water 
quality 
Performance and water 
quality 


Performance, flesh 
quality and water 
quality 

Performance and water 
quality 


Digestive enzymes and 
parasitology 


Feed 
manufacture 


Press pelleting 


Not described 


Extrusion 


Extrusion 


Extrusion 


Press pelleting 


Press pelleting 


Duration 
(days) 


84 


70 


61/98 


388 


122 


42 


42 


9LT 


Reference 


Azim and 
Little (2008) 


Mansour and 
Esteban (2017) 


da Silva et al. 
(2018) 


Amany et al. 
(2019) 


Green et al. 
(2019) 


Durigon et al. 
(2020) 


Durigon et al. 
(2019) 
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Hybrid red 16 FM replacement with Performance and floc Not described 42 Lopez-Elias et 
tilapia vegetable mix (0, 33, 67 composition al. (2015) 
or 100%) 
Nile tilapia 29 FM replacement 0, 30, 60 Performance and body Press pelleting 90 Nhi et al. 
and 10096 with brewer's composition (2018) 
yeast 
Nile tilapia 12 Soybean meal replacement Performance, floc Not described 56 Mabroke et al. 
with biofloc meal (0. 25 composition and water (2019) 
or 50%) quality 
Lipid 
Nile tilapia 30 FO, FO:SO, LO, LO:SO, Performance and flesh ND 56 Inkam et al. 
FO:LO quality (2018) 
Carbohydrates 
Nile tilapia 3 Pizzeria by-product meal ^ Performance, water P 38 Sousa et al. 
(0, 20, 40, 60, 80 and quality and economic (2019) 
100%) analysis 
Feed additives 
Nile tilapia 9 0 (clear water), 0 (BFT), Immune response, E 56 Doan et al. 
5, 10 and 20 g/kg orange disease resistance and (2018) 
peels derived pectin growth performance 
(OPDP) 
Nile tilapia 6 0, 10 g/kg OPDP, 108 CFU Immune response, E 84 Doan et al. 
and 10 g/kg OPDP+108 disease resistance and (2019) 
CFU growth performance 
Nile tilapia 8 Vegetable choline 0, 400, Performance, energy P 40 Sousa et al. 
800, 1200 mg/kg metabolism and (2020) 


antioxidant status 


(Contd.) 
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LLT 


Table 4. (Contd.) 


Nutrition Species Initial Experimental design Main parameters Feed Duration Reference 
topic weight (g) manufacture (days) 
Insect meal 
Nile tilapia 3 Cockroach meal (0, 5, 10, Performance and water P 37 Tubin (2017) 
15 and 20%) quality 
Nile tilapia 2 Tenebrio molitor meal (0, Performance and water P 42 Tubin et al. 
10, 15 and 20%) quality (2020) 
Feed 
management 
Nile tilapia 2 Feed deprivation 7F, Performance and water P 56 Correa et al. 
6F/1D, 5F/2D, 4F/3D quality (2019) 


*CP = Crude protein, DP = Digestible protein, DE = Digestible energy, FM = Fish meal, FO = Fish oil, SO = Soybean oil, LO = Lard oil 
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10% of inclusion without growth and production performance impairments (Tubin 
2017, Tubin et al. 2020). Pizzeria by-product, a complimentary carbohydrate source, 
was suitable at 20% in juvenile Nile tilapia feeds used in BFT (Sousa et al. 2019). 
The authors also observed that in the early stages, up to 40% utilization of Pizzeria 
by-product may be an efficient economic strategy for fingerling farmers. 

Feed additives focusing on the immune system and disease resistance have 
also been evaluated as BFT is known to enhance the organism's immune system. 
Orange peels derived pectin (OPDP) was added at 0, 5, 10 and 20 g/kg of feed (Doan 
et al. 2018). Juvenile tilapia fed 10 g/kg of OPDP displayed the highest resistance 
against Streptococcus agalactiae and improved growth and production performance 
compared to the other dietary treatments. In a following study, the same authors 
investigated the interaction of OPDP with Lactobacillus plantarum suggesting that 
10 g/kg of OPDP combined with 108 CFU/g of L. plantarum enhanced growth, skin 
mucus, immunity parameters and resistance against S. agalactiae in comparison to 
the rest ofthe treatments (Doan et al. 2019). Phosphatidyl choline, vegetable choline, 
was investigated in juvenile Nile tilapia at 0, 400, 800 or 1200 mg/kg of feed (Sousa 
et al. 2020). Although no effects on production performance were noticed, vegetable 
choline stimulated energy metabolism and enhanced the antioxidant status. 


3.3. Practical tips 


As BFT enables feed reductions (up to 20-30%) and savings in dietary protein 
levels, each farm needs to adapt and create its own feed management protocol. 
The adjustments will be done and refined over time according to the farm genetic/ 
strain, climate conditions and water quality parameters (temperature, DO, level of 
solids, etc.). 

BFT enables flexibility in tilapia feed formulation, in particular the addition 
of low-cost nonconventional ingredients. Optimized BFT management and 
consistency in biofloc composition is key to develop an optimal BFT specific 
formulation (i.e. reduced crude protein content and the inclusion of a range of 
alternative ingredients). 

Feed management is key in any animal production system. BFT 1s no different 
where it may even prove to be more important to achieve the expected outcomes. 
Avoid overfeeding and diets with excess crude protein during early stages (0.1-20 
g) as TAN and NO, issues may occurs. 

In intensive systems with limited water exchange, the feed quality criteria should 
overcome the price criteria. 

Feed deprivation is suitable but needs to be further investigated and validated in 
commercial operations. 


4. Integrating biofloc and plant production 


4.1. Update review 


The integration of aquatic organism productions (aquaculture) with soil-less plant 
culture (hydroponics) is technically viable by aquaponic systems. Aquaponics is a 
quasi-closed food production system where aquaculture effluent is used to nourish 
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plants (Yep and Zheng 2019). This is in fact an ancient technique with our ancestors 
producing fish and vegetables in integrated and rustic systems approximately 2000 
years ago before the term “aquaponics” was known (Palm et al. 2018). However, 
current systems have advanced a lot, thanks to the adaptation of engineering and 
technological concepts. The development of these was driven by the need to increase 
theefficiency ofagri-aquaculture productions, i.e. to reduce water and land dependence 
and minimize effluent discharge (Goddek et al. 2019). In this modern design, the 
plants are cultured in conventional hydroponic structures, mainly using Nutrient 
Film Technique (NFT) or Deep Water Culture (DWC), whereas the aquaculture 
compartment is usually an intensive recirculating aquaculture system (RAS), with 
fish tanks and a series of filters which makes it possible to transform fish waste into 
plant nutrients (Love et al. 2015). Although RAS has been successfully integrated 
with hydroponics in coupled (one-loop) or decoupled (multi-loops) systems (Kloas 
et al. 2015, Goddek et al. 2016), investment in this technology is expensive and it is 
not applied to all farm situations (Yeo et al. 2004). Because of this, some variations 
and alternative types of aquaponics have been studied, for example, the replacement 
of RAS by biofloc technology (BFT) (Kotzen et al. 2019) (for further details on 
tilapia and aquaponics, see Chapter 13 of the present book). 

In the last few years, there has been an increase in research and publications 
around the integration of BFT with hydroponics (a variation of aquaponics) (Pinho 
et al. 2017, Fimbres-Acedo 2019). Some characteristics of BFT make its effluent 
a promising fertilizer for plants, for example, (1) rich concentration of nutrients, 
mainly nitrate and phosphates; (ii) diversity of microorganisms that are constantly 
recycling nutrients; and (iii) the low dependency of filters (Emerenciano et al. 2013, 
Pinho et al. 2017). Furthermore, the improved zootechnical performance of tilapia 
reared in bioflocs when compared to RAS (Azim and Little 2008, Luo et al. 2014) 
suggests BFT--hydroponic potentially more productive and resource-efficient than 
conventional aquaponics (RAS+hydroponic). To evaluate these hypotheses, some 
scientific research has been developed where tilapia in BFT have been integrated 
with plant production. The main results of these studies are summarized in Table 5. 

In all articles published with tilapia reared in BFT integrated into a hydroponic 
system, lettuce was the evaluated plant. This is probably due to its rapid growth and 
the accessibility of research studies referring to its use in aquaponic and hydroponic 
systems. Fimbres-Acedo's research is an exception to this; the authors cultivated 
other plant species and showed that moderately salt tolerant plants can also be 
grown using BFT effluent. Few authors have explored the productive results of fish 
or whether integration with plant production could harm the benefits of BFT for 
fish, except for Pinho (2018) (Table 6). In this study, besides lettuce production, 
the production of tilapia juveniles was tested and showed that the integration did 
not affect the benefits of BFT. Another pattern found among these articles is the 
use of a coupled aquaponic system, 1.e. the water from BFT tilapia cultivation was 
directed to the hydroponic bench and, after that, returned to the fish tank in a constant 
recirculation of water and nutrients. 

The positive results of BFT for vegetable production are not yet unanimous. 
Barbosa (2017), Lenz et al. (2017), Pinho (2017) and Fimbres-Acedo (2019) reported 
that BFT+hydroponic integration is technically possible. They also showed that 


Table 5. Current information about the use of tilapia biofloc effluents in plant production 


Tilapia species (initial- Main product (fish, plant or General results Reference 
final weight) both) 
Oreochromis niloticus Plant: Lettuce (Lactuca sativa L. Plants cultured with commercial hydroponic solution Rahman (2010) 


Oreochromis niloticus 
(70-102 g) 


Oreochromis niloticus 
(166-182 g) 


Oreochromis niloticus 
(67-98 g) 


Oreochromis niloticus 
(1-30 g) 


Oreochromis niloticus 
(0.3-60 g and 60-350 g) 


“Charles”) 


Plant: Three varieties of lettuces 
(Lactuca sativa L.) 


Plant: Two different varieties of 
lettuces (Lactuca sativa L) 


Plant: Three varieties of lettuces 
(Lactuca sativa L.) 


Both: Tilapia juveniles and lettuce 
(Lactuca sativa L.) 


Plant: Lettuce, pak-choi, rocket, 
spinach, and basil 


grew better than those nourished by BFT effluent. 
Suspended solids in the system were a limiting factor for 
lettuce growth. 


The productive performance of lettuce cultured with 

BFT effluent was better than with RAS effluent, possibly 
because of the higher nutrient availability provided by the 
higher microbial activity of the BFT system. 


The use of mechanical and biological filters in BFT 
systems benefited plant growth when compared to BFT 
without filters. 


It is possible to use biofloc effluent with low salinity 
(3 ppm) to produce lettuce in the integrated system. 


The visual characteristics and growth performance of 
plants grown with BFT effluent were lower than those 
grown using RAS effluent. While the zootechnical 
performance of the tilapia was better in BFT. 


Implementing the biofloc effluents in different 
trophic levels (chemotrophic, heterotrophic and 
photoautotrophic). Pak-choi is a good candidate 
for heterotrophic BFT effluents, rocket and basil for 
chemotrophic and photoautotrophic treatments. 


Pinho et al. (2017) 


Barbosa (2017) 


Lenz et al. (2017) 


Pinho (2018) 


Fimbres-Acedo (2019) 
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variations in plant species, water salinity and inclusion of filters can be alternatives to 
optimize plant yields. However, Rahman (2010) and Pinho (2018) showed problems 
in this integration. According to their results, lettuces in BFT did not grow better 
than those grown in hydroponics or conventional (RAS+hydroponics) aquaponics, 
respectively. Plant production cycles evaluated in both studies were superior to the 
others (above 40 days or two 21-day plant cycles). This might indicate a negative 
relationship between time/number of cycles and biofloc environment, which may 
be related to BFT maturation and flocs volume (suspended solids) in the systems. 
Although negative results were found, both authors stated that adjustments in the 
management and engineering of the system may make BFT--hydroponic integration 
reliable. 

Despite the great potential for the BFT effluent utilization and optimization, 
further work is necessary on some specific barriers. When comparing the ideal 
parameters for biofloc and, for example, lettuce (main plant produced in the 
integrated systems) (Table 6), three parameters could be the limiting conditions: the 
electric conductivity, pH and the salinity. In general, for plants the ideal pH is 5.5 — 
6.5, EC (electrical conductivity) 1.0-2.0 dSm'! and salinity < 3.0 ppt (Trejo-Téllez 
and Gómez-Merino 2012), whereas for biofloc, the observed pH is 6.0-8.0, EC 73.0 
dSm and the salinity is dependent on the type of culture (Emerenciano et al. 2017). A 
possible practice could be to harvest the biofloc effluents when they reach the optimal 
EC value, the use of salinity tolerant plant species (Brown et al. 1999, Shannon 
and Grieve 1999, Buhmann and Papenbrock 2013, Lenz et al. 2017; Pinheiro et al. 
2017), phytoremediation (Ghaly et al. 2005) or implementing a desalination system 
(Goddek et al. 2019). 

Another important point to consider is the management of dissolved solids 
and suspended solids (Koetzen et al. 2019). This step is of the most importance 
as the flocs can cover a wide variety of sizes ranging between 50 um — 1000 um 
(Hargreaves 2013). 

Ray et al. (2011) suggested that the solids concentration in BFT systems can be 
managed by an external settling chamber with no additional filtration, but this only 
settling particles (7100 um). Lenz et al. (2017) set up two settling tanks, a mechanic 
filter and biofilter before the hydroponic units, but some solids still passed to the 
hydroponic benches. An efficient option to solve this problem could be to implement 
particle membrane filtration (Souza et al. 2019), a flocculation process (Avnimelech 
2006), dilution or bioclarification («30 um) (Espinal and Matulié 2019) or a mixture 
of the different processes. Fimbres-Acedo (2015) designed a prototype for the 
management of biofloc effluents with three steps: (1) sedimentation, (11) adhesion and 
(111) filtration, indicating that some directions are already on track. 

The retention of the floc in ex-situ aerobic-anaerobic reactors could be a 
way to recover important nutrients such as P, Mg and Fe (Fimbres-Acedo 2019), 
which can be used for fertilizer to combat the deficiency of nutrients in hydroponic 
system. Goddek et al. (2019) described several processes that can be implemented 
for the management of solid fractions: aerobic-anaerobic bioreactor, distillation 
or mineralization process. Therefore, for the development of waste management 
systems it is important to consider the needs which are to be covered within the 
system and choose the most suitable components before using the biofloc effluents. 


Table 6. Comparison of physicochemical parameters between heterotrophic biofloc, hydroponic solution and sensitive plant (Lettuce) 


Parameters BFT (Heterotrophic) Hydroponic solutions Sensitive plants (Lettuce) 
Oxygen 74.0mgL' - 7.0 mg L 
pH 6.8-8.0 5.5-6.5 6.0-7.0* 
Temperature 28 °C — 30°C Depends on the species culture 24 °C - 28 °C 
Salinity Depends on the species culture 0 ppt Some varieties grow well until 3 ppt * 
Alkalinity > 100 mg L! - 0-160 mg L' (HCO,)™* 
Conductivity 1.0- > 3.0 dSm'!” 2.0 dSm'! 1.2-2.2 d$m'! * 
Nitrite «] mgL! 
Nitrate 0.5-20 mg L! 210 mg L“ 200 mg L" 

** Reported values > 100 mg"1 

TAN «]mgL! 
Orthophosphate 0.5-20 mg L! 31 mg L! 50 mg Li 
Settling solids (SS) 5-50 mg L! - - 
Total suspended solids « 500 mg L“! - 229.3-294.4 mg L! ** 


(TSS) 


References 


Emerenciano et al. (2017), 
Fimbres (2019) 


Hoagland and Arnon (1950) 


* Lenz et al. (2017), **Roosta (2011), ***Rahman 


(2010), ****Trejo-Téllez and Gómez-Merino 
(2012), ***** Singh et al. (2019) 
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The implementation of BFT for plant nutrition has a lot of potential in both 
its research and the production sector. Information about this integration is being 
generated in various parts of the world. Therefore, the described barriers can 
be easily overcome, and some practical tips and solutions were presented above. 
Their development and application will help in making the food production more 
sustainable in the near future. 


4.2. Practical tips 


Avoid the excess solids, specifically in the plant production units. Decoupled 
aquaponic system and well-designed filtration systems are good options for 
biofloc integrated production aiming to reduce the solid issues. 

Proper fish feed to plant ratio 1s crucial for the equilibrium of both biofloc and 
aquaponic systems. 

Mineral supplementation could be an option to decrease total feed input, and 
thus the initial investments on aquaculture units and production costs (Goddek 
et al. 2019). 


5. Constrains and future perspectives 


With the progress and benefits of BFT, there is still possibility for more commercial 
expansion. During the last two decades, research has intensified significantly but 
such increase has not been reflected proportionally at the commercial level. For 
example, in Brazil, it is estimated that less than 1% of tilapia farmers apply BFT 
in at least one phase of production (Brazilian Fish Farmers Association — PeixeBr, 
personal communication). In Mexico and Colombia, this number is estimated to 
be less than 5% of tilapia farmers (A. Miranda-Baeza, personal communication). 
In terms of comparison with the shrimp industry, in Indonesia it is estimated that 
at least 20-2596 of shrimp production is produced using BFT (Thong 2014). The 
causes behind such scenario are: (1) lack of practical information; (ii) the higher 
cost of implementation and production compared to traditional systems (e.g. earthen 
ponds); and (iii) the difficulties in terms of proper management and implementation 
of BFT, which requires constant water quality monitoring and more refined technical 
knowledge (Avnimelech 2015). 

On the other hand, BFT so far has proven to be an environmentally friendly 
technology that optimizes the productivity of cultivated species, including tilapia. In 
terms of future perspectives, the RD&I is the way to go. Further investigation into 
better understanding of tolerance levels in terms of water quality when raised in BFT 
is crucial. Normally, reference levels are derived from conventional systems that 
use clear water or water exchange and are not necessarily applicable to organisms 
raised in BFT. The zero or limited water exchange with high levels of solids and 
interactions with microbiota certainly influences the physiological condition, as well 
as health and immune response, of the cultivated animals. 

Economic analysis performed on commercial scale is key to determine the 
cost and feasibility of farm's implementation. In this sense, urban farms providing 
local fresh farmed fish open a huge avenue for biofloc. On the other hand, high 
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energy demand for adequate aeration, water movement and pumping certainly limits 
the implementation of BFT in some cases. Alternative energy sources (e.g. solar 
panels) are possibilities to be considered. Other areas of research are the genetics/ 
breeding of tilapia with better performance and disease resistance (e.g. against 
pathogenic bacteria). 

In terms of wastes, biofloc production systems are recognized for their minimal 
effluent disposal. However, in some cases due to the complexity of the microbial 
community, there are high concentrations of solids (biofloc volume) in the water. 
To prevent it harming the fish growth, solids management by water clarification 
is required. The use of clarifiers prevents the discharge of solids/effluents which 
possess a high concentration of nutrients and can be a huge pollutant. After some 
processing (e.g. mineralization, Goddek et al. 2019), the liquid and solid fractions 
can be used as fertilizer in decoupled aquaponics or in land-crops, respectively. 
Some initial research has already been developed in this field (Delaide et al. 2019); 
however, the results are preliminary and many gaps still exist. Certainly, finding 
a sustainable destination for this discarded waste is a current challenge in tilapia 
biofloc production and practical solutions must be investigated. 

Exploring the potential of biofloc technology, mainly in the early stages of 
production, will allow tilapia aquaculture to develop in a more environmentally 
friendly way and promote reliable production with social and economic benefits. 
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1. Tilapia as food: Chemical composition and 
nutritional quality 


Tilapia has become one of the most important species for fish farming due to its rapid 
growth rate, easy adaptability to various breeding conditions and good meat sensory 
characteristics, with a mild flavored fillet with high nutritional value and without 
Y-shaped intramuscular bones (Eltholth et al. 2015, AGMRC 2018). Therefore, it 
has high potential for industrialization. Tilapia musculature can contain 60 to 85% 
moisture, water being the largest constituent, having an inversely proportional 
relationship with the amount of fat. Moisture is related to meat stability, quality, and 
composition and may affect storage, packaging and processing (Tacon and Metian 
2013). 

The smallest fraction is the carbohydrates, which are present at around 0.3 to 
1.0%. Glucose, the main monosaccharide, acts as an energy substrate and is stored as 
liver and muscle glycogen. Blood glucose is an indicator for stress responses because 
the largest reserves are mobilized to meet energy needs, which increase mainly under 
stress conditions. Thus, glucose levels in fish at their death are also related to the final 
meat quality because during capture, if energy wears out, it can lead to complete 
glycogen depletion, resulting in a short pre-rigor phase and a rapid establishment of 
the rigor mortis phase, leading to accelerated deterioration (Ogawa and Maia 1999, 
Gongalves 2011). 

The greatest interest in tilapia is also due to the nutritional quality. The high 
nutritional value attributed has been proven and justified by the complete and balanced 
profile of essential amino acids, namely: arginine, histidine, isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, tryptophan, and valine. In addition, 


* Corresponding author: maria.emilia@ufla.br 


Tilapia Processing — Relevant Aspects Pointing to Promising Horizons 295 


tilapia meat has some similarity, in protein ratio (17 - 20%), to other meats such as 
beef (22%), pork (23%), and poultry (20%); however, it has a higher contribution 
of the myofibrillar fraction, whose availability is greater than that of connective 
tissue proteins. The low amount of connective tissue, around 3%, contributes to 
better nutritional quality, since such tissue is a protein difficult to digest. Thus, the 
mean digestibility is 96% for tilapia, 90% for poultry and 87% for cattle (Contreras- 
Guzmán 2002, Gonçalves 2011, Tacon and Metian 2013). 

Another important factor is the low to medium fat content, between 1 and 4%. A 
large part of this fat is composed of fatty acids with 14 to 22 carbon atoms with a high 
degree of unsaturation, containing 4 to 6 double bonds. This composition, which is 
highly dependent on feed during fish farming, has significant nutritional advantages. 
It represents the largest source of polyunsaturated fatty acids beneficial to the human 
organism, with an emphasis on the omega-3 series (eicosapentaenoic acid — EPA, 
docosahexaenoic acid — DHA and alpha-linolenic acid — LNA) and on the omega-6 
series (Avisi et al. 2017). From a nutritional point of view, polyunsaturated fatty 
acids present in tilapia meat prevent cardiovascular disease, ensure the best digestion 
and ready assimilation by the tissues of the organisms (ATA 2020). On the other 
hand, the presence of these lipids is one of the influential factors in the shelf life 
of the products and their acceptance by the consumer. This is due to the complex 
process of lipid oxidation that can be caused by different pathways such as enzymatic 
action, photo-oxidation or self-oxidation, whereas the latter occurs most commonly 
in foods rich in unsaturated fatty acids. Lipid oxidation, besides being responsible for 
the development of oxidative rancidity, compromises the nutritional value, integrity, 
and safety of food through the formation of potentially toxic compounds (Amaral et 
al. 2018). 

The ash contents, or fixed mineral residues, in tilapia fillets vary from 0.1 to 
3.3%. Such difference in mineral content is directly related to the state at which 
the animal is analyzed, 1.e. fillet or whole, with or without the bones and with or 
without skin (Contreras-Guzmán 1994). Tilapia meat is considered a valuable source 
of calcium and phosphorus, and has reasonable amounts of sodium, potassium, 
manganese, cobalt, zinc, iron, and iodine. Freshwater fish such as tilapia eventually 
contain lower levels of sodium and potassium when compared to saltwater varieties 
(Tacon and Metian 2013, ATA 2020). The chemical composition of tilapia fillets is 
shown in Table 1. 


Table 1. Chemical composition ofthe tilapia fillets 


Source Chemical composition (%) 
Moisture Protein Fat Ash 
Zapata et al. (2017) 74.30 18.02 2.37 2.35 
Costa (2017) 75.60 19.30 4.00 1.15 
Almeida (2018) 75.88 20.18 1.71 1.28 
Lago et al. (2019) 76.32 16.79 2.42 1.09 


Schneider (2019) 78.96 17.05 2.09 1.01 
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As for vitamins, tilapia is a good source, especially of the water-soluble B 
complex, such as thiamine and riboflavin. Considered a lean fish, it has less fat- 
soluble vitamins such as A and D. It stands out that, in conservation processes, losses 
may occur due to leaching, temperature, light, oxygen, and presence of enzymes 
(ATA 2020). Based on this context, therefore, from a nutritional point of view tilapia 
is considered an indispensable nutrient source, a food that reduces the risk factors 
of chronic diseases and that serves as the basis for functional food preparation. It is 
noteworthy that the composition of tilapia may vary depending on seasonal changes, 
physiological status, age, sex, and size of the fish, as well as on the composition of 
the fish diet, pre-slaughter and slaughter management (Ng and Romano 2013). 


2. Tilapia meat quality: Pre-slaughter and slaughter 
management and muscle conversion 


Tilapia meat that reaches the consumer comes mainly from fish farming, or fishing of 
this species in water sources. Fishing does not guarantee quality because there is no 
evidence of the safety of this food, which may have been caught in polluted waters 
and handled in precarious and inadequate conditions. Thus, in order to provide 
quality tilapia, it is important to discuss this topic about the good manufacturing 
practices in pre-slaughter and slaughter, and post-slaughter muscle conversions. 
Pre-slaughter procedures directly affect tilapia life. These procedures include 
fasting, harvesting, transport, and the stunning procedure. Fasting before harvesting 
consists of not providing food for a period of time, for the purpose of emptying 
the gastrointestinal tract to reduce ammonia excretion and oxygen consumption, 
especially during transport to the industrial plant. In addition, it reduces the risk 
of bacterial contamination, which promotes rapid deterioration of tilapia, also 
decreasing its shelf life. The fasting time for tilapia is around 24 hours and may be 
shorter if the off-flavor intensity 1s low (Castro et al. 2017, Ferreira et al. 2018). 
Fish harvesting involves catching tilapia when it reaches commercial size. It 
may be total or partial, manual (with trawl using ropes or netting panels, nets) or 
mechanical (tractor coupled nets, munck assisted suspension nets, suction pumps, 
among others) and varies by fish farming system. When performed incorrectly, 
harvesting promotes acute stress, which enhances the use of muscle energy reserves, 
which interferes with pre-rigor and onset of rigor mortis. In addition, increased 
stress weakens the fish immune system, leaving them susceptible to opportunistic 
pathogens present in the growth water, increasing mortality during and after this 
practice. It should therefore be carried out in the early hours of the morning, carefully 
and quickly, ensuring the shortest possible out-of-water time, seeking to ensure 
animal welfare and tilapia quality (Chandroo et al. 2014, Ferreira et al. 2018). 
Regarding transport after harvesting, also considered a stressing factor, it 1s 
important to emphasize that when live fish are transported to industry, their quality 
is preserved. Therefore, the quality of the transport water is extremely important 
and its temperature should be monitored before, during and after. High temperatures 
increase the oxygen consumption by the fish. A widely used practice to keep the water 
temperature below 20°C is the addition of ice to the transport water. In addition, a 
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number of actions can contribute to the success of the transport: tilapia should be 
transported in light colored boxes, and the transport time and the density of fish to 
be transported should be planned in advance; for a maximum density of 150 kg fish/ 
mê, 8 g of sodium chloride should be used to aid osmoregulation, decrease energy 
expenditure and increase production of mucus covering the outside of the fish and 
serve as a barrier against opportunistic pathogens (Kubitza 2016, Ferreira et al. 2018). 

It is also worth mentioning the use of diluted anesthetics in water to minimize 
transport stress, such as benzocaine (cheaper and more widely used) and clove oil. For 
the latter, the dose considered sufficient to anesthetize tilapia is 5 ml/L. Immediately 
after transport, a rest period of 24 to 48 hours (which will depend on the transport 
time and conditions) is recommended in order to guarantee the meat quality. If not, 
rigor mortis will be accelerated and the pH will be close to neutrality, also reducing 
the useful life. It should be noted that 1f transport has been very long, the fish should 
be fed during this rest so that there is no significant weight loss (Oliveira et al. 2009). 

Tilapia is a filtering fish and as such uses phytoplankton and zooplankton present 
in water as a food source. Thus, if they come from intensive cultivation in nurseries, 
on arrival at the refrigerator they should undergo purification before marketing. This 
practice is carried out to reduce off-flavor (undesirable odors and/or flavors acquired 
during cultivation, by absorption of substances dissolved in water or ingested during 
feeding, such as geosmine and methyl isoborneol). The fish remain fasting in a tank 
with continuous flow of clean aerated water for 12 to 24 hours, depending on the 
initial intensity of the off-flavor, which is determined by sensory evaluation (Souza 
et al. 2012). 

Once cleared, they will be forwarded for desensitization. In order for slaughter 
to be considered humanitarian, this procedure is essential. Besides reducing suffering 
for a long period, fear and pain are reduced, which are also considered stressors 
that can accelerate rigor mortis and influence the life of the product. The most 
commercially used and most studied method is thermonarcose, which consists of 
immersing fish in water and ice at a 1:1 ratio. This method reduces the animal's body 
temperature, oxygen consumption and metabolism. Several other methods have been 
evaluated, such as concussion, electronarcosis, narcosis in CO,, CO and N, each with 
its pros and cons, but all more expensive than thermonarcose. The important thing 
is that the time from stunning to death be as short as possible, in order to prevent the 
fish from regaining consciousness during the process. Some researchers have pointed 
out that the most efficient method to ensure animal welfare at the time of slaughter is 
to insert a sharp knife into one of the fish's operculae until it reaches the medulla and 
then break it (Pedrazzani et al. 2009, Viegas et al. 2012, Freire and Gonçalves 2013). 

The actual killing consists of the bleeding of the fish, which can be done either 
by cutting the gills, perforating the heart or by removing the head. After bleeding, the 
fish should be placed in tanks with water and ice for approximately three minutes and 
then pre-washed in chlorinated water. Evisceration and scaling should be carried out, 
in that order, to prevent the contents of the viscera from contaminating the carcasses 
(Freire and Gonçalves 2013). Tilapia have gallbladder and additional care must be 
taken to prevent it from breaking, which may give the meat a bitter taste. 

From slaughter, the transformation of muscle into meat begins, which involves 
a series of molecular and biochemical events, which will reflect the efficiency of 
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all procedures performed until then. Fish are the products of animal origin with the 
highest perishability due to the following characteristics: pH close to neutrality; high 
water activity in the tissues; high nutrient content easily used by microorganisms; 
high unsaturated lipids content; rapid destructive action of enzymes present in the 
tissues; and high metabolic activity of microbiota. When fish die, the muscle does 
not immediately convert to meat because the adenosine triphosphate (ATP) present 
continues to provide energy for a certain period of time (Poli et al. 2005, Oetterer et 
al. 2014a). Post-mortem changes can be divided into three phases: pre-rigor, rigor 
mortis and post-rigor. 

The pre-rigor is the stage between the death of the animal and the beginning 
of muscle contraction. In this phase, the muscle remains flexible (responds to 
electrical stimuli); residual oxygen is consumed; anaerobic glycolysis begins; 
lactic acid accumulation occurs; ATP degradation occurs and a drop in the creatine 
phosphate level occurs. The duration of this phase depends on the ATP and glycogen 
reserves at the time of death. The good nutritional condition of the fish and the 
cooling immediately after slaughter contribute to a longer time in this phase. Rigor 
mortis is the result of complex biochemical reactions in muscle, characterized by 
muscle stiffening (extreme and irreversible contraction of its fibers, i.e. formation of 
actomyosin) and depletion of energy sources. At that stage, the muscle pH reaches a 
minimum, around 6.2. The degree of exhaustion and the condition of death greatly 
influence its duration. Immediate cooling contributes to its prolongation. The post- 
rigor 1s the result of the action of endogenous proteases. In this phase, the recovery 
of muscle extensibility, the increase in protein solubility and the increase in muscle 
pH occur. Thus, the pH changes from neutral to alkaline, the uncontrolled action of 
enzymes (proteolytic and lipolytic) occurs as well as the action of microorganisms 
and the oxidation of unsaturated fatty acids. This whole process culminates in total 
deterioration (putrefaction) of fish (Viegas et al. 2012, Oetterer et al. 2014a, Castro 
et al. 2017). 

In conclusion, if good practices in pre-slaughter management and slaughter are 
applied and the fish is immediately cooled after slaughter, the speed of these changes 
will be minimized and the fish will stay fresh longer, resulting in quality tilapia meat. 


3. Tilapia quality: Evaluation methods and 
quality control 


The way the fish is handled determines the intensity of the enzymatic, oxidative and 
microbiological alterations. The speed with which each of these changes develops 
depends on how the basic principles of conservation, hygiene and maintenance of 
the cold chain, as well as the species caught and capture methods, have been applied. 
The concept of fish quality is more closely linked to the freshness of the raw material 
or the useful life of the product. The fish freshness determines the quality of derived 
products and significantly limits it. Due to the complexity of the fish decomposition 
process, it is impossible to use only one method to evaluate its quality; therefore, the 
combined use of some methods is the most feasible because each one has its specific 
advantages and disadvantages (Ordófiez et al. 2005, Soares and Gonçalves 2012). 
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Therefore, to evaluate the quality, in terms of freshness and hygiene or safety 
of tilapia, it is necessary to carry out a series of evaluations involving both physical- 
chemical and microbiological and sensory analyses. In this way, it is possible to obtain 
a more precise result regarding the quality of the raw material or product. There are 
two main methods, subjective (sensory) and objective (non-sensory), available to 
evaluate the freshness and quality of fish. Non-sensory methods can be mentioned: 
chemicals (total volatile nitrogen bases — TVNB, non-protein nitrogen — NPN; 
hypoxanthine — Hx, K value, biogenic amines, free amino acids, ammonia, hydrogen 
sulphide — H,S, among others); physicochemical (pH and electrical properties); 
physical (muscle fiber tension, muscle hardness, viscosity of juice extracted from 
meat, among others); histological (degree or rate of myofibril destruction); and 
microbiological (total viable count and deteriorating organisms) (Gonçalves 2011, 
Ocafio-Higuera et al. 2011, Oetterer et al. 2014a, Gokoglu and Yerlikaya 2015). 

The closest concept to quality evolution is called biochemical freshness, the 
phase between capture and the end of rigor mortis, and microbiological freshness, the 
phase corresponding to post-rigor quality changes. The compounds that characterize 
the state of freshness in the first phase are of muscle enzymes of autolytic origin 
and impossible to avoid; however, there are no undesirable changes, only a small 
decrease in quality. The compounds of the second phase are products of microbial 
activity that, although not possible to eliminate, can be delayed in order to enable 
the fish marketing or processing. Due to the subjectivity of the sensory methods and 
the delay and high cost for microbiological tests, chemical methods that quantify 
products derived from endogenous and bacterial enzymatic activity have been 
applied in the evaluation of fish freshness (Gonçalves 2011, Galvão et al. 2014). 

Another factor related to the deterioration of fish are the odors; generally, many 
are related to the products of amino acid degradation. The bacterial decomposition of 
amino acids, which contain sulfur, cysteine and methionine, results in the formation 
of hydrogen sulfide (H,S), methyl mercaptan (CH4SH) and dimethyl sulfide (CH;),., 
respectively. Among these, the relevant parameter to assess quality and infer about 
possible failures in the cold chain is the formation of hydrogen sulphide gas. These 
volatile compounds of unpleasant odor are sensorially detectable at ppb (part per 
billion) levels, so that small quantities have a considerable effect on quality. The main 
components of this fraction are TVNB, such as ammonia, putrescine, cadaverine, 
spermidine, creatine, nucleotides and purine bases (Shahidi and Botta 2012, Thorn 
and Greenman 2012). 

In addition to the flavor/odor factor that is very relevant to consumers, there are 
also other fish meat quality and freshness indicators. The NPN is the first fraction to 
be affected by the action of microorganisms, which use it as an energy source. This 
fraction comprises low molecular weight substances of various origins, such as free 
amino acids and peptides, and can represent 0.5 to 10% of the edible part of fish. 
The enzyme activity may cause a change in the concentration of these compounds or 
give rise to different ones. The detection of progressive changes to these substances 
in fish muscle during storage is the first requirement to consider such substances as 
potential freshness indices (Contreras-Guzmán 2002, Savay-da-Silva 2009). 

Among the biogenic amines found in food, histamine, formed mainly by 
bacterial activity, requires special attention for causing intoxication, at levels above 
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100 ppm (parts per million). The quantitative determination of biogenic amines such 
as histamine, putrescine, cadaverine, spermidine and spermine is a quality indicator 
from a health point of view. Thus, a quality indicator has been formulated which 
has good correlation with sensory evaluation. The choice of this index is based on 
the knowledge that concentrations of histamine, putrescine and cadaverine increase 
as decomposition progresses, while spermidine and spermine decrease. The value 
of K is also a good indicator of fish freshness as it is based on the determination of 
compounds resulting from the degradation of adenosine triphosphate (ATP): 


o HxR + Hx 
(ATP+ADP+ AMP + IMP) + HxR + Hx 


Nucleotides 


x 100 


where ADP — adenosine diphosphate, AMP — adenosine monophosphate, IMP— 
inosine monophosphate, HxR — inosine, and Hx — hypoxanthine. The value of 
K<5% indicates fresh fish (freshly caught); from 5%<K<20% indicates that the fish 
is still fresh and can be consumed; 2096€ K<60% indicates that the fish should be 
cooked before consumption or processing; and from 60%<K<80% indicates signs of 
putrefaction. The principle of this method is related to the fact that, with the death of 
the fish and all the phosphorus reserve being consumed, ATP cannot be regenerated, 
following a degenerative route regulated by enzymes from muscle tissue (Gonçalves 
2011, Ocafio-Higuera et al. 2011, Gokoglu and Yerlikaya 2015, Feddern et al. 2019). 

The lipid content of fish has, as a characteristic, the presence of unsaturated fatty 
acids which, although being a positive nutritional characteristic, is worrying because 
they are more susceptible to the peroxidation process. These oxidative changes can 
be detected by the chemical test for thiobarbituric acid reactive substances (TBARS) 
which quantifies the malondialdehyde compound, one of the main products 
formed during the oxidative process in fish. With high TBARS values, there can 
be the formation of toxic and carcinogenic compounds such as ketones, aldehydes, 
alcohols, acids and hydrocarbons, and the formation of unpleasant flavors (rancidity) 
that compromise the acceptance of the product. It is worth noting that fish is a food 
of high nutritional value; however, it can pose a high risk to consumer health if 
contaminated with inorganic compounds such as heavy metals (arsenic, cadmium, 
chromium, copper, mercury and lead). The determination of inorganic contaminants 
can be performed by different analytical chemical techniques (Secci and Parisi 2016, 
Reitznerová et al. 2017). 

Regarding the physicochemical method, the determination of pH represents 
important data in the evaluation of the quality of several foods such as fish, since 
the concentration of hydrogen ions is almost always altered when the hydrolytic, 
oxidative or fermentative decomposition of its muscle is processed. The higher the 
pH, the higher the bacterial activity, which 1s probably related to the accumulation of 
substances like ammonia. The chemical composition is therefore an important aspect 
of fish quality and influences both the maintenance of quality and its technological 
characteristics. In addition, chemical changes from deterioration can sometimes be 
translated into physical changes, which are easily visually measurable or measurable 
by not very sophisticated equipment (Nollet and Toldrá 2010, Oetterer et al. 2014a). 
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Examples of these physical changes are those that can be observed in the state 
of stiffness or flaccidity of the muscle, determined by the index of rigor mortis (IR). 
For IR assessment, the whole fish should be placed on a table or smooth surface 
in a horizontal plane so that half of the body (caudal region) is suspended; thus, 
the assessment of the degree of rigor mortis occurs by measuring bending. At the 
beginning of the rigor mortis, the tail part lifts and the bending gradually reduces 
until it reaches maximum rigor. Other physical methods used to help check the 
freshness and quality of fish flesh are the determination of texture (consistency) and 
color to determine the structural change in muscle and color, respectively. Variations 
in these parameters can be monitored sensorially; however, objective instrumental 
techniques have been developed (Contreras-Guzmán 1994, Ogawa and Maia 1999, 
Gonçalves 2011). 

In relation to texture, the changes found can be explained as a result of the 
installation of rigor mortis, which is characterized by muscle contraction that provides 
muscle stiffening, or by the breakdown of muscle structure, which causes the loss 
of consistency or softening of the product, caused by proteolytic enzymes. During 
storage there is a decrease in the meat texture, resulting from the advance of the 
degradation state, a direct effect of the activation of proteolytic activity. The autolytic 
and microbiological changes that occur during degradation cause changes in the 
color of the fish. Fish meat may be significantly lighter in color due to acidification 
of the environment caused by denaturing of muscle proteins, or a marked darkening 
when the proteins interact with the compounds from lipid oxidation (Oetterer et al. 
2014a, Castro et al. 2017). 

The deterioration of the fish occurs in phases, in which each event occurs in a 
logical and increasing sequence. Autolytic, proteolytic, oxidative and microbiological 
changes trigger sensory changes and, on the other hand, the metabolites formed by 
these changes favor microbial development. Some microorganisms are related to 
diseases through the consumption of fish, so they need to be checked (Gonçalves 
2011). Normally, these are the microorganisms: Salmonella, Staphylococcus aureus, 
coliforms at 45ºC and mesophilic aerobic bacteria (FAO 2012). These criteria 
may be supplemented when establishing monitoring and tracing programs for 
pathogenic and sanitary quality micro-organisms in products. Microbiological tests 
have limitations in the control of fish quality, regarding the response time. As the 
deterioration processes have not occurred until the microorganisms have multiplied 
to levels capable of producing unpleasant odors, the freshness of the fish correlates 
with the sensory analyses together with the bacterial count (Frangoise and Jean- 
Jacques 2011, Bolivar et al. 2017). 

Sensory perception is the oldest and most reliable method for evaluating the 
freshness of fish, being widely used in the industry routine, due to the speed in 
judging batches of raw material and finished product, as well as the ease of non- 
destructive and low cost execution. The health inspection of the fish is based mainly 
on sensory observations, giving preference to sight, touch, smell and taste for the 
verification of presentation, appearance, consistency, resistance, odor and taste. This 
practice allows the release, to the retail trade or the food industry, only of fish in good 
sanitary conditions (FAO 1999, Cheng et al. 2014). 
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In general terms, the following sensory characteristics can be established for 
fresh fish: specific smells (light and pleasant), reminiscent of sea plants or, sometimes, 
clay; clean body surface, with relative metallic shine; transparent, shiny and 
prominent eyes, completely occupying the orbits; rosy or red gills, moist and shiny, 
with a natural odor, proper and smooth; round belly, leaving no lasting impression 
when finger pressed; shiny scales, well adhered to the skin, and fins showing some 
resistance to movements caused; they should present firm flesh, elastic consistency, 
the color of the species; complete viscera, perfectly differentiated; and closed anus 
(Martinsdóttir et al. 2001, FAO 2012). When consumed, the taste must be specific to 
the species (mild taste, in the case of tilapia) until the bitter, ammoniacal or rancid 
taste appears, as well as viscous secretions, which is formed during deterioration 
(Oetterer et al. 2014b). 

Among the sensory analysis methods with fish, the quality index method (QIM) 
stands out for being species-specific, which makes it more reliable and, consequently, 
it has been widely applied in recent decades. When producing the QIM protocol for a 
certain species, it is necessary to associate it with analyses, mainly microbiological, 
physical-chemical and chemical, the results of which will confer the accuracy of 
the product quality for the establishment of its commercial useful life. Therefore, 
the information obtained sensorially should be interpreted together with the data 
derived from other analyses. Meeting these standards will prevent the marketing of 
low quality products that are harmful to consumer health (Martinsdóttir et al. 2001, 
Freitas and Amaral 2011, Bernardi et al. 2013). 


4. Tilapia processing: Traditional and emerging 
technologies 


Tilapia is a very versatile fish, which can be found in various forms in national and 
international commerce. The processing to produce fillets of this species can be 
divided into the following steps: pre-treatment, which consists of gutting the fish, 
removing the head, tail, fins and washing (to reduce contamination); filleting, which 
is the removal of the fillet itself; removal of trimmings, which consists of removing 
skin and thorns; packaging and storage, which can be as chilled or frozen. 

Because it is extremely perishable, tilapia, as well as other types of fish, needs 
the maintenance of the cold chain throughout processing. The most basic form of 
conservation by cold is the use of ice, which prevents dryness, reduces weight loss 
and maintains humidity. Its use is laborious because as the ice melts in contact with 
the fish, it has to be constantly replaced. With the use of ice, the temperature of the 
fish is kept slightly above the freezing point. In practice, the tilapia:ice ratio is 2:1. 
The latter must be laid out in layers on the fish, with ice always at the bottom of the 
container and in the top layer. As such, it is possible to control enzymatic processes, 
delay microbial deterioration and minimize pathogen growth, besides causing mild 
sensorial and nutritional impacts. In refrigeration, another cold storage technology, 
the temperature of tilapia 1s also kept close to the freezing point, but storage takes 
place in cold chambers regulated at temperatures close to 0?C. In households, as well 
as retail locations, temperatures are kept below 5?C, ensuring the freshness of the 
fish (Cribb 2018). 
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There is a great demand in the world market today for “fresh” fish (kept fresh). 
Therefore, as an alternative to tilapia, minimal processing, which is an emerging 
and mild technology, where the fish is kept under refrigeration, results in a product 
of convenience and safety. The product obtained is not sterile, as there is only a 
moderate decrease in the microbial flora present during processing, requiring a 
rigorous cold process to prevent the growth of pathogenic microorganisms (Kumar 
et al. 2018). To produce minimally processed tilapia, in addition to controlled 
refrigeration, some supporting techniques are used, such as acidification and 
irradiation, which are barriers to microorganism growth. For tilapia, these studies are 
already very advanced. Acetic acid and lactic acid are used as acidulants and their 
presence is effective for bacterial inhibition, provided that good hygienic conditions 
are maintained (Oetterer et al. 2014b). 

As for irradiation, also already successfully applied to whole tilapia and fillets, 
it has been found that the dose of 5 kGy, half of the maximum allowed by the 
legislation, is already sufficient to increase the tilapia shelf life. Both acidification and 
irradiation require special packaging conditions to ensure their safety. Some of them 
are commonly found in the Brazilian market, such as the Styrofoam tray, composed 
of polystyrene foam, covered with polyvinyl chloride plastic film. This packaging 
combines quality, price, logistics and delivery time, guaranteeing the economic 
viability of the acquisition. However, there are various methods and materials for 
packaging, being an area of great growth and innovation at the technological level 
(Gonçalves 2011, Oetterer et al. 2014c). 

These innovations aim to maintain food quality for a longer period of time, 
while at the same time seeking to produce lower environmental impact through new 
applications of materials obtained mainly from renewable sources (biopolymers). 
Packaging in modified atmosphere and vacuum packaging also contributes to 
extending product shelf life. This last process consists of exposing tilapia to the 
absence of air, controlling the development of microorganisms, enzymatic action 
and oxidation, the main deterioration mechanisms (Elgadir et al. 2017). 

Besides minimally processed tilapia, which is strictly dependent on refrigerated 
storage and keeps the tilapia fresh for longer, several other technologies can be 
applied, individually or together, to obtain a safe and quality product. In freezing, for 
example, the temperature of the fish is below the freezing point and thus there is the 
formation of ice crystals. This formation retards deterioration, ensures non-seasonal 
supply, preserves for long periods and contributes to the retention of flavor, color 
and nutritional value. There are various freezing techniques, but generally tilapia 
is frozen at —25?C and kept stored at —18 °C. The shelf life of the frozen product 
varies according to the freezing temperature and also the fish type. In general, the 
lower the freezing temperature, the longer the life of the product. This guarantees 
a lifetime of months or even years, depending on the type of product. For freezing, 
it is very common to perform pre-treatments with phosphates and cryoprotectants, 
which ensure the retention of natural fluids and color. After freezing, for fillets and 
derivatives, it is also common to use ice glazing and differentiated packaging in order 
to protect against excessive water loss and also to prevent the occurrence of oxidation 
and freezer burn. This glazing technique consists of applying an ice coating to the 
surface of the frozen product. For transport of frozen tilapia, the temperature of the 
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transport chamber must be kept at —18 °C. In retail locations, this temperature must 
be maintained (Maciel et al. 2013, Oetterer et al. 2014b). 

Canning and “retort pouch" (sterilizable flexible bags), and heat conservation 
technologies, are also applied to tilapia. These are very efficient because, in addition 
to producing a high sensory quality food, it inactivates microorganisms and enzymes. 
In addition, canned tilapia or retort pouch packaging does not require refrigeration. 
The packaging used is hermetically sealed and the temperature applied is sufficient 
to eliminate all pathogenic microorganisms. Its material 1s resistant to corrosion, 
laceration and storage. The main goal is to prevent the growth of Clostridium 
botulinum (FDA 2020). 

Some tilapia processing technologies, such as salting, drying and smoking, 
promote the reduction of water activity (FAO 2018). Salting consists of the osmotic 
dehydration of fish. Its basic principle is therefore the removal of water from tissues 
by osmosis and partial replacement by salt through diffusion. In this way, there is 
enzyme inactivation — a decrease in the speed of chemical reactions, a decrease of, 
or impediment to, fish deterioration, and an increase in palatability and accentuation 
of the characteristic flavor. Thus, there is a reduction in protein solubility and WRC 
(water retention capacity) in tissues. For tilapia, wet or brine salting is most commonly 
used. The process can last from 24 to 60 hours and is considered complementary to 
pressing (for 24 to 48 hours), and drying operations. The latter can be done by the 
natural method, more rustic and demanding under very specific climatic conditions 
such as temperature of 30 to 50?C and relative humidity of 65 to 7096, or by the 
artificial method, carried out in greenhouses, fully controlled, with temperatures 
between 30 and 40?C and relative humidity of 45 to 55% (Gonçalves 2011, Bhat 
et al. 2012). 

Smoking is an ancient method of preservation where salt, smoke and drying 
are combined. In this method, a protective layer is formed on the product caused 
by surface dehydration, protein coagulation, the layer of resin formed and the 
action of the smoke constituents. Smoked products are characterized by water 
loss, typical coloring, special taste and aroma and surface dryness. The smoking 
operation comprises three distinct phases: brining (which slows down the autolysis 
phenomena), drying (where the formation of film occurs which will prevent the 
excessive loss of intrinsic substances) and smoking (conservation and absorption 
of all the smoke constituents whether they are preservatives, antioxidants and/ 
or flavorings). When smoking hot, temperatures above 40?C are used, reaching 
80-85?C. Because it involves pasteurization and cooking, the product can be 
consumed immediately, without prior cooking. However, the useful life is restricted. 
This conventional process can be replaced by liquid smoke, which has different 
compositions and, therefore, provides products with different, and more uniform, 
sensory characteristics (Gonçalves 2011, Oetterer et al. 2014c). 

There are also other emerging technologies, which are under study for 
application in tilapia processing, such as high pressure processing. In some studies, 
these technologies have proven effective in inactivating deterioration and pathogenic 
microorganisms, while maintaining nutritional and sensory properties (Kumar et al. 
2018, Zhao et al. 2019). 
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5. Use of waste from tilapia processing 


Over the past decades, environmental issues have become some of the main 
responsibilities of government bodies and society due to changes in ideologies, ethical 
values and regulations. In the course of the fish production chain, a considerable 
amount of solid waste is generated, the indiscriminate handling of which constitutes 
a serious global problem because it provides environmental, social and economic 
vulnerability. The proper destination of this material is of paramount importance, 
since it Is considered a source of animal protein of excellent nutritional quality (FAO 
2020). Thus, viable technologies are presented that enable sustainable management 
of the tilapia agribusiness, besides proposing the development of co-products of 
interest and high value for the food industries (Olsen et al. 2014, WordFish 2017, 
Santos 2018). 

Overall, much of the fish production is processed through filleting, canning and 
curing. A large proportion of tilapia cultivation is marketed in the form of fillets, 
and the filet yield in this species varies from 30 to 37%. From these data, it can 
be seen that the processing of tilapia produces a large amount of waste which, 
when improperly employed, aggravates environmental problems (Gongalves 2011, 
Vidotti 2011). Inadequate management of agroindustrial waste presents itself as 
one of the most critical problems, since the generation rate is much higher than the 
degradation rate. It is worth noting that the waste from tilapia filleting is discarded 
by the industries due to ignorance of its true potential. Therefore, there is a need for 
research that focuses on the development and/or introduction of new technologies 
that provide better use of these raw materials until the final product, and also provide 
the development of new products from liquid and solid waste (Oetterer et al. 2014d, 
Lago et al. 2019). 

A great innovation in fish waste recovery technology was the appearance of 
equipment, an electric deboner, capable of separating muscle material still attached 
to the bones, after filleting. The minced fish, obtained in this mechanical process, is 
free of viscera, scales, skin and bones. Thus, much research has been carried out to 
recycle this material, with the objective of increasing its use, as a low cost and high 
nutritional potential raw material, in the elaboration of food for human consumption 
(Borgogno et al. 2017, Secci et al. 2017, Cribb et al. 2018). Over the past few years, 
at the Fish Processing Pilot Plant of the Federal University of Lavras (Lavras, Minas 
Gerais, Brazil), products have been developed from solid waste mainly from tilapia 
filleting. Some products can be seen in Figure 1. 

In recent studies, different formulations of fish sausage (emulsified product) 
(Lago et al. 2017, 2018, 2019) and fish mortadella (Abud 2019, Vidal 2016, 
Vieira 2019, Zanutto 2017), fried fish balls (Zumas 2017) and breaded fish (Abreu 
et al. 2015, Fukushima et al. 2014) have been elaborated, all with increasing 
inclusion of minced fish form tilapia. The authors found good sensory acceptance 
by consumers, increased nutritional value and excellent product stability. Several 
studies have even been developed in order to improve the texture of the fish 
mortadella. Research has evaluated the inclusion of flour of minced fish from 
tilapia in chocolate cake (Figueiredo 2017), in loaf bread (Fukushima et al. 2011), 
and in dry pasta noodles (Reis 2013). The authors concluded that the studied foods 
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Fig. 1. Products prepared from waste from tilapia processing: fish sausage (emulsified product) 

(A); breaded fish (B); cooked ham (restructured fish) (C); fish mortadella (D); fried fish balls 

(E); fish sausage (embedded product) (F) made with minced fish; chocolate flavor cake (G); 

dry pasta noodles (H) enriched with minced fish flour (I); fish bouillon cubes from tilapia 

residues (J); fish hamburgers made with minced fish (K); and oil from different tilapia residues 
extracted by acid silage (L). 


obtained satisfactory acceptance scores; therefore, the waste flour can be used in the 
enrichment of products for human consumption. 

In the seasoning sector, broths were developed in the form of fish bouillon cubes 
based on solid residues, ground and pulped from tilapia (Fabrício et al. 2013). Based 
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on the analyses carried out, the fish bouillon cubes prepared had excellent nutritional 
characteristics and stability. The extraction of oil from different tilapia wastes (head, 
viscera, carcass and whole fish still with scales) was performed through acid silage, 
even obtaining the flour as a remaining product (Oliveira 2015). The oils and flours 
obtained in the process were found to be of high quality, presenting applicability in 
human foodstuffs. An exception would be products obtained from tilapia viscera, 
which must be destined for animal feed. 

Another project refers to the feasibility of extracting oil from different tilapia 
wastes for the production of biofuel (Inoue et al. 2016). Preliminary studies have 
shown that the oil extracted from the fish viscera showed a higher yield and 
consequently a better potential for obtaining this biofuel. Future research and studies 
already under development aim at expanding the possibilities of using discards. This 
would include the preparation of several industrialized meat products (restructured 
fish cooked ham, salami, sausage-embedded product, and hamburgers) with the 
addition of minced fish from tilapia, obtaining of gelatin extracted from the tilapia 
leather aiming at the development of an edible coating, process of obtaining fried 
tilapia skin, and extraction of concentrate and protein isolate from the tilapia scraps. 

Although the approaches are different for the types of exploitation, there is a 
concern to significantly reduce waste. Based on this context, the applicability of 
processing technologies has become an attractive alternative for the use of discards 
generated along the production chain of tilapia, due to the commercial appreciation 
of the co-products obtained and the reduction, to practically zero, of the residual 
volume. It is perceived that these tests fulfill the commitment of environmental 
protection by satisfying the triad of sustainability, that 1s, they are economically 
viable, socially just and environmentally correct. 


6. Marketing and sales: Current status, safety, 
quality, convenience, practicality, availability and 
sustainability as marketing strategies and their 
reflections on tilapia sales 


Thinking about collaborating with the expansion of the fish market in Brazil, 
events such as “Sell your Fish" and “Fish Week" were created with the intention of 
expanding the fish market, as well as promoting actions aimed at the valorization of 
practicality in the preparation of fish and the emphasis on nutritional qualities and 
incentive to the marketing of fish and seafood in retail and food service. The “Eat 
more fish” campaign is also developed in the country to stimulate the increase of 
cultivated fish consumption. Booklets are released with tips on consumption and 
how to choose and store the fish properly (PeixeBR 2018, 2020, Hammitt 2020). 
The consumer is increasingly demanding, looking for practical products that 
preserve the in natura characteristics, that are healthy, with higher added value, 
sustainable and provided by companies that value animal welfare and sustainability 
in the production chain (Oetterer et al. 2014d). In order to meet these needs, as well as 
stimulate fish consumption, the industry has invested in new technologies. The main 
innovations that have gained a large market niche are linked to convenience products 
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that deal with ease of preparation and that present novelties regarding packaging 
(Han et al. 2018). The products with health appeal are considered as "natural", those 
without additives and preservatives and those that provide a source of omega-3. This 
is in addition to ethical products, which aim at environmentally friendly processing, 
as well as tracked products aimed at ensuring food quality and safety (Costa et al. 
2020). 

In this sense, companies have been preparing ready-to-eat products, such as 
complete meals with tilapia fillet, in which the preparation is only to place it in the 
microwave. The right selection of packaging materials and technologies maintains 
quality, freshness, color, and struture of the product during distribution and storage, 
as well aretains liquids and gases, maintaining the juiciness of the product when 
processed. Thus, the development of Skin Pack type packaging has been explored, 
in which the product is sealed in a stable bottom film or a pre-molded tray with a 
special skin, which combines a good presentation and a considerable increase in the 
shelf life of the fish, mainly in fractionated in natura products or ready-to-eat foods. 
(Camilo 2019). 

In addition, food fortification is a strategy used in several countries to meet the 
nutrient deficiencies presented by the population. In this segment, omega-3 fatty 
acids are showing strong growth as one of the most popular functional ingredients, 
yet still low in consumption. Thus, industries have used the incorporation of omega-3 
in product formulations, making them high cost and difficult for consumers to access. 
An alternative that has been applied is to offer tilapia feed rich in these fatty acids, 
in order to incorporate them into muscle tissues and thus obtain a raw material with 
more expressive content of polyunsaturated fatty acids of the omega-3 series, for 
the preparation of various products (Ayisi et al. 2017, Duarte 2017, Stoneham et al. 
2018). 

The application of less aggressive anesthetic agents is an appeal towards animal 
welfare by the consumer market, which increasingly demands a product with a seal 
of proof of this nature. Thus, following the line of natural products, plant extracts are 
fundamental in the advancement of research, since some essential oils that perform 
this function are already well established, such as eugenol and menthol compounds, 
coming mainly from clove oil (Eugenia caryphollata) and mint (Mentha sp.), 
respectively. Menthol should not be considered the anesthetic of choice for tilapia 
because it causes hyperglycemia, which causes major stress in this species. Thus, 
the research has published other essential oil options, such as Lúcia-lima (Aloysia 
tryphila), Brazilian citronella (Lippia alba), melaleuca (Melaleuca alternifolia), 
alfavaca (Ocimum gratissimum) and jambü (Spilanthes acmella), which present 
satisfactory results (Correia et al. 2018, Silva et al. 2019). 

Finally, in view of the generation of residues from the fishing industries and as 
these residues, in general, have a high concentration of organic material, their release 
into water bodies may provide a decrease in the concentration of dissolved oxygen 
in this medium. In this sense, the fishing sector has been engaged in the zero waste 
emission proposals (ZERI — Zero Emissions Research and Initiatives), providing 
alternatives for the management of the waste that may be generated, becoming a 
differential factor for companies, ensuring the diversification of the product line, 
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sustainable growth and socio-environmental responsibility (Pires et al. 2016, Costa 
et al. 2017). 

Based on the context presented, the tilapia is recognized for the excellence of 
its meat due to its sensory and nutritional properties, so it has future expectations. 
Therefore, many technical aspects need to be followed as well as improved, aiming at 
animal health and, consequently, the quality and safety of the final product. There is 
also a concern to significantly reduce the waste from tilapia processing, highlighting 
the importance of different types of use, which generate new products with high 
added value. Such scenario is fundamental for the tilapia industry and the productive 
chain, since it provides all the necessary security to achieve better productivity, 
competitiveness, sustainability, and quality of the final product, which are directly 
related to the marketing and sales strategies. 
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